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PREFACE 


Over  the  past  several  years  the  staff  of  the  Visibility  Laboratory  has  had  increasingly  frequent 
requirements  for  information  on  the  index  of  refraction  of  seawater  at  wavelengths,  salinities,  tempera- 
tures, and  pressures  other  than  those  tabulated  in  the  usual  reference  sources.  In  some  instances,  it  was 
possible  by  simple  linear  interpolation  to  obtain  the  desired  value.  In  other  instances,  especially  those 
involving  the  high  pressures  found  at  abyssal  depths,  the  limited  data  available  made  such  interpolation 
risky  if,  indeed,  at  all  possible.  Furthermore,  it  was  often  necessary'  to  attempt  inierpc'ition  between  the 
values  of  different  investigators,  some  of  whom  performed  their  measurements  or  presented  their  results 
in  a manner  which,  at  least  superficially,  was  incompatible  with  those  provided  toy  others.  A rather  ex- 
liaustive  search  of  the  literature,  however,  failed  to  uncover  any  single  work  which  would  provide  index 
values  spanning  the  required  ranges  of  the  four  parameters. 

Neither  the  time  nor  the  resources  were  available  to  us  for  the  type  of  experimental  program  required 
to  carefully  measure  the  index  of  refraction  of  seawater  over  the  range  of  oceanographic  variables  and 
with  the  type  of  equipment  that  is  required  to  obtain  accuracies  of,  say,  one  digit  in  the  sixth  or  even 
fifth  decimal  place.  It  was  decided  instead  to  composite  the  necessary  information  by  a careful  and 
thorough  analysis  and  then  recombination  of  the  data  in  the  existing  literature.  Through  this  procedure 
it  became  possible  to  intercompare  the  work  of  various  investigators,  select  the  data  we  felt  had  the 
highest  credibility  and  meld  it  into  a single  set  of  index  values  which  would  be  internally  consistent, 
thereby  circumventing  the  difficulties  we  had  encountered. 

A basic  premise  throughout  our  analyses  was  the  smoothness  of  the  functional  dependence  of  the 
index  of  refraction  on  the  four  vaiiables,  that  is  that  the  function  and  its  derivatives  are  continuous  and 
monotonic.  There  seems  to  be  no  physical  reason  to  expect  the  contrary,  at  least  over  the  range  of  in- 
terest of  the  variables,  and  certainiy  nowhere  in  the  literature  - oither  theoretical  or  experimental  - is 
it  suggested  otherwise. 
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By  careful  examination  of  each  original  data  source  with  respect  to  assumptions,  experimental 
conditions,  accuracy,  etc.,  and  by  an  overall  intercomparison  of  ali  those  works  having  overlapping  par- 
ameter values,  it  was  possible  to  decide  to  select  or  reject  values  to  be  included  in  our  conposite  data 
base.  Such  decisions,  while  occasionally  seemingly  arbitrary,  were  certainly  not  capricious  and  were 
based  on  the  requirement  of  obtaining  a four-dimensional  index  surface  with  no  discontinuity  or  inflec- 
tions which  conforms  to  our  p »mise  on  the  nature  of  the  surface. 

As  a consequence  of  choosing  to  use  only  selected  sets  of  an  investigator's  index  values,  we  must 
assume  full  responsibility  for  any  errors  in  ojr  tabulations  which  result.  Furthermore  because  of  this 
selective  procedure,  we  felt  compelled  to  check  our  final  refractive  index  values  against  the  values  from 
other  studies  to  demonstrate  the  degree  of  agreement.  This  we  have  done  in  Section  5.  Considering  the 
variety  of  sources  and  the  span  of  years  involved,  we  were  indeed  gratified  that  the  agreement  was  as 
close  as  found.  Even  more  important  than  the  absolute  agreement  or  disagreement  of  the  index  at  par- 
ticular values  of  the  parameters  is  the  fact  that  we  now  possess  a single  well-behaved  body  of  data  from 
which  we  may  determine  the  shape  of  the  index  surface  as  a function  of  the  four  variables.  In  this  regard 
the  rather  remarkable  agreement  between  our  values  and  Rusby's  refractive  index  anomaly  leads  us  to 
believe  that  the  functional  shape  of  our  results,  at  least  over  the  range  of  the  variables  presented  by 
Rusby,  is  probably  significantly  better  than  is  implied  by  the  i 0.00003  we  have  stated  as  our  absolute 
accuracy  for  the  values  of  the  index  at  atmospneric  pressure. 


I wish  to  acknowledge  the  very  major  contributions  of  co-author,  George  Halikas,  a graduate  student 
at  the  Scripps  Institution  of  Oceanography,  to  all  phases  of  this  study.  Because  of  his  tenacity,  capabil- 
ities with  computer  programming,  facility  with  languages  and  meticulous  attention  to  detail,  we  were  able 
to  turn  what  was  initially  to  be  a modest  review  of  the  literature  and  simple  numerical  analysis  of  the 
available  index  data  into  what  we  believe  to  be  a rather  complete  and  critical  summary  of  all  the  known 
works  on  the  subject  and  what  we  hope  is  the  best  consensus  of  the  index  values  that  can  be  drawn  from 
these  sources. 


R.  W.  Austin,  January  1976 
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1.  INTRODUCTION 


Historically,  much  of  the  interest  in  the  index  of  refraction  of  seawater  has  centered  around  its 
potential  application  of  obtaining  seawater  density.  This  goal,  which  was  almost  obsessive  with  the 
earlier  oceanographers,  appears  to  have  been  surpassed  by  other  methods  of  greater  precision  and  eas- 
ier application. 

Following  the  rapid  development  of  underwater  optical  and  electro-optical  systems,  increasing  atten- 
tion has  recently  been  given  to  the  optical  properties  of  the  seawater  medium,  including  both  its  propa- 
gative and  refractive  properties,  as  factors  in  the  study,  design,  and  evaluation  of  these  systems,  their 
underwater  lenses  and  viewing  ports.  In  the  same  context,  there  is  an  ancillary  need  to  determine  the 
index  of  refraction  of  seawater  in  order  to  design  the  submersible  measuring  instruments  required  to 
determine  the  optical  properties  of  seawater. 

The  present  study  was  originally  undertaken  to  survey  the  past  literature  and  determine  the  extent 
of  the  existing  data  base.  Having  established  that  although  sparse,  this  base  vras  probably  adequate  to 
our  task,  a comparative  study  was  conducted  to  select  those  data  which  showed  tlie  greatest  internal  con- 
sistency and  reliability,  with  due  attention  given  to  the  experimental  method*  utilized.  The  selected  body 
of  data  was  subjected  to  careful  interpolation  over  the  parameters  salinity,  temperature,  and  pressure, 
8nd  to  interpolation  and  extrapolation  over  wavelength. 


The  resuit  of  this  work  is  an  internally  consistent  set  of  closely  interpolated  tables  of  the  index  of 
refraction  of  seawater  as  a function  of  waveiength,  salinity,  temperature,  and  pressure.  There  is  a funda- 
mental distinction  between  wavelength  and  the  other  three  parameters,  in  that  the  latter  inherently  char- 
acterize the  retire  of  seawater,  whereas  the  former  characterizes  the  radiation  used  in  determining  its 
properties. 
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In  all  that  follows,  wavelenntn  will  be  expressed  in  nanometers  (in  air),  salinity  in  per  mills  (%0) 
following  the  standard  oceanographic  usage,  temperature  in  degrees  Celsius  (°C)  and  pressure  in  kilo- 
grams fores  per  square  centimeter,  gage  (kgf/cro3),  i.e.,  zero  pressure  gage  is  equal  to  one  atmosphere 
absolute,  or  1.0332  kgf/cm3  absolute,  in  this  report  the  more  precise  notation  kilogram  force  (kgf)  wiii  be 
abbreviated  as  simply  kilogram  (Kg).  The  index  of  refraction  will  be  expressed  with  respect  to  air. 

The  ranges  of  interest  of  these  parameters  are  as  follows:  wavelength  400  f>  ’00  nm,  salinity  0 to 
43%,,  temperature  0 to  30°C,  and  pressure  0 to  1100  kg/cm3.  At  atmospheric  pressure  the  complete 
ranges  of  the  other  three  parameters  have  been  covered,  and  the  index  of  refraction  has  been  determined 
to  the  fifth  decimal  place  (3  x 10-5).  At  higher  pressures  however,  owing  to  the  need  to  combine  two  dif- 
ferent sets  of  data  and  to  the  difficulty  of  conducting  high  pressure  index  measurements  the  accuracy  is 
generally  lower,  of  the  order  of  1 x 10"  In  our  present  work  we  have  made  and  used  the  assumption  that 
the  dependence  of  index  on  salinity  is  linear  for  ad  combinations  of  the  other  three  parameters,  within 
the  ranges  specified  above.  This  assumption  is  suggested  by  various  investigators  as  will  be  shown  later. 

The  present  analysis  will  present  the  index  of  refraction  to  five  decimal  places.  The  extreme  values 
encountered  within  the  range  of  parameters  considered  are  1.32313  to  1.36844.  All  estimates  of  error  will 
be  expressed  in  terms  of  units  in  the  fifth  decimal  place  (10~5)  throughout,  applicable  to  the  least  sig- 
nificant digit  reported. 

Considering  the  total  range  of  each  parameter  given  above,  the  index  of  refraction  of  seawater  is 
least  sensitive  to  changes  in  temperature,  then  salinity,  then  wavelength,  and  finally  most  sensitive  to 
pressure,  by  the  approximate  amounts  -O.O02/3O°C,  +0.009/43%,, -0.013/300  nm,  and  +0.015/1109 
kg/cm3,  respectively.  These  numbers  indicate  the  relative  importance  of  changes  in  the  parameters.  A 
collection  of  representative  values  of  index  and  its  derivatives  is  presented  in  Table  7-1. 

The  presentation  of  the  material  in  this  report  has  been  organized  as  follows:  In  Section  2 a review 
of  all  the  important  studies  on  the  index  of  refraction  of  pure  water  and  seawater  are  presented  in  order  to 
familiarize  the  reader  with  the  relevant  literature.  Section  3 presents  some  background  information  on 
several  physical  properties  of  seawater  as  used  in  oceanography,  and  some  useful  relationships  among 
the  various  quantities.  In  Section  4 the  train  body  of  our  own  work  is  analyzed,  culminating  in  the  choice 
of  the  data  that  are  to  serve  as  the  basis  of  the  composite  tables  describing  the  index  of  refraction  of 
seawater  surface  as  a function  of  salinity,  temperature,  wavelength,  and  pressure.  The  results  ot  our  work 
are  compared  with  previous  measurements  in  Section  5 in  order  to  demonstrate  the  agreement  or  disagree- 
ment and  propose  explanations  for  any  observed  discrepancies.  Section  6 is  dedicated  to  the  general  prob- 
lem of  using  the  index  of  refraction  as  a measure  of  salinity  or  specific  gravity,  and  examines  the  neces- 
sary conditions  that  must  be  fulfilled.  The  manner  in  which  the  composite  tables  that  we  have  constructed 
are  to  be  used,  is  described  in  Section  7 where  examples  are  also  given  to  facilitate  their  application. 
Fine! ly,  in  Appvendix  A,  the  actual  tables  of  the  index  of  refraction  are  presented,  together  with  some 
«•••»*>  umt  iuiwwi  vi  ora  iiiuda  oufiace,  iiwi  p*oviuts  a ciear  view  oi  me  functional  oenavior  of  the 
index  surface  on  its  four  parameters.  Appendix  B simply  presents  a computer  program  which  we  have  used 
in  our  work. 


2.  REVIEW  OF  PREVIOUS  WORK 


The  optical  index  of  refraction  is  usually  expressed  with  respect  to  air  and  only  rarely  with  reject 
to  vacuum'.  In  the  case  of  seawater,  however,  the  index  has  often  been  expressed  as  the  difference  be- 
tween that  of  seawater  and.pure  water  or  as  the  difference  between  that  of  seawater  and  35°/,0  Copenhagen 
Standard  Seawater  (refractive  index  anomaly). 

The  index  of  refraction  can  be  measured  by  a variety  of  methods  whose  accuracy  varies  over  a wide 
range.  Since  the  index  varies  over  a small  range,  it  is  imperative  to  achieve  high  accuracy  in  expressing 
it  to  the  fifth,  sixth,  or  seventh  decimal  piace.  To  achieve  this,  great  demands  are  placed  on  the  optical 
equipment,  the  measuring  technique,  and  the  experimental  controls. 

The  two  fundamental  methods  of  measurement  that  can  ba  employed  consist  of  measuring  either  a 
refracting  angle  gohioinetrically,  or  the  reduced  velocity  of  light  in  a medium,  interferometricaliy. 

All  the  goniometric  methods  are  based  on  Snell's  law  (nt  sina,=*  n3  sina2)  and  one  or  another  of 
its  wore  fundamental  realizations  such  as  the  critical  angle  of  refraction.  Of  the  earlier  instruments;  the 
Abbefnd  Pulfrich  refractometers  were  the  most  successful,  both  using  the  critical  angle  of  refraction  and 
providing  the  value  of  the  index  of  refraction  with  respect  to  air.  The  Abbe  type  experienced  temperature 
unc  affinities  even  though  it  employed  a control led-temperature  water  jacket,  and  it  was  al*o  susceptible 
to  the\pessibility  of  sample  evaporation  in  the  case  of  seawater.  A different  type  of  instrument  is  one 
employing  a minimum  deviation  prism  in  which  the  glass-walled  prism  also  serves  as  the  container.  An- 
ot-ier  rr^nticrf^l3tcr:st^ati^f!cT^t/^!;v73ch5:(1S33)s7»!cn 

employs  .the  same  technique  as  the  Pulfrich  refractometer  but  in  a two-container  arrangement  which  can 
provide' the  index  of  a liquid. relative  to  another  liquid;  in  the  present  case  the  index  cf  seawater  relative 
to  purewater.  Except  for  one  particular  case,  these  methods  are  limited  to  measuring  the  index  of  refrac- 
tion ;o  a few  units  in  tf»  fifth  decimal  place;  the  one  exception  (Tilton  and  Taylor,  1938)  provides  it  to 
die  sixth  deciol  place. 


■X 

v 


•m  I 


All  the  interferometric  methods  employ  tlie  same  technique  of  beating  a reference  beam  traveling 
through  air  against  a second  beam  traversing  a liquid  sample  and  counting  the  fringe  shift  resulting  from 
introduction  of  the  liquid.  Carefully  used,  these  methods  are  capable  of  providing  the  index  to  a greater 
accuracy  than -the  gooiometric  methods,  in  a variation  of  the  method,  the  reference  beam. ic. made  to  travel 
through  a reference  liquid  (e.g.,  pure  water  or  35 %0  Copenhagen  Standard  Seawater)  and  the  index  differ- 
ence between  the  two  liquids  can  be  obtained  even  to  the  seventh  decimal  place  (Rusby,  1967).  The  inter- 
ferometric methods  were  first  employed  in  the  192Q's. 

In  this  review  of  the  historical  data,  we  have  made  a conscious  effort  to  locate  all  the  original 
sources  of  index  of  refraction  jneasurements  in  order  to  avoid  difficulties  arising  from  reprocessed  infor- 
mation published  by  others  at  a later  time.  This  also  enabled  us  to  examine  the  methods,  the  controls,  the 
accuracies,  and  the  omissions  of  the  various  investigations.  We  have,  accordingly,  omitted  references^ 
publications  presenting  the  same  data  in  different  form  (e.g.,  interpolated  to  standard  values  of  the  param- 
eters, etc.)  even  though  these  were  ?>sp  examined. 

The  oldest  published  experimental  measurements  on  the  index  of  refraction  of  seawater  date  back  to 
the  end  of  the  nineteenth  centi>  / (Soret  and  Sarasin,  1389),  and  over  the  ensuing  years  the  dependence  of 
the  index  on  temperature,  salinity,  and  wavelength  has  been  sporadically  measured.  Until  1971  (Stanley), 
however,  no  measurements  were  undertaken  to  establish  its  dependence  on  higher-than-atmospheric  pres- 
sures, which  for  ocecoographic  purposes  is  an  absolute  necessity,  in  order  to  determine  in  situ  value. 


In  the  intervening  years  various  investigators  have  performed  laboratory  measurements  on  seawater 
samples,  but  most  have  done  so  for  only  a few  values  of  wavelength,  salinity,  and  temperature.  Moreover, 
many  investigators  Sacked  what  is  today  considered  to  be  adequate  experimental  control,  and  some  even 
made  their  measurements  on  seawater  samples  which  were  characterized  only  by  the  geographical  location 
where  the  sample  was  drawn,  and  not  by  the  salinity  of  the  sample  itself. 

Such  measurements  will  be  ignored  here  because  of  the  lack  of  jdequate  sample  characterization.  A 
more  subtle  difficulty  with  the  older  measurements  is  that  of  refractometer-scale  calibration.  This  prob- 
lem. also  ignr»red  here,  is  difficult  to  identify  and  quantify,  and  would  require  judicious  choice  of  the 
data  to  be  incorporated  into  a study  such  as  this. 


Fortunately,  none  of  the  studies  undertaken  prior  to  1934  are  necessary  for  the  present  purpose,  and 
only  recent  measurements  (after  1968)  have  been  used  to  construct  our  tables  with  the  one  exception  that 
the  values  for  pure  water  (salinity  0°/oo)  were  taken  from  Tilton  and  Taylor  (1938)  either  directly  or  by  our 
sources.  The  older  data  will  be  presented  at  the  very  end,  for  comparison  purposes  only,  using  our  exten- 
sive tables  as  a reference. 


it  is , however,  interesting  to  gether  here  a rx.  review  the  seawater  index  o,  icnau,tutt 


if  only  to  show  the  progress  through  time.  This  progress,  in  a very  real  sense,  paralleled  that  of  tempera- 
ture measurement  and  control  as  well  as  that  of  salinity  measurement  (after  overcoming  the  difficulties  in 
its  definition  and  international  standardization).  These  difficulties  do  not  apply  to  wavelength  since  the 
spectral  lines  were  already  well-known  and  utilized.  The  advent  of  the  laser,  however,  greatly  facilitated 
interferometric  methods. 
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/no  refractive  properties  of  seawater  were  first-utilized  by  Hiigard  (1877)  as  a means  to  determine 
seawater  density.  Krummel  (1894)  later  devised  an  instrument  for  the  same  piapose,  that  was, (calibrated 
in  arbitrary  units,  against  density.  Inboth  of  the  above  works,  the  index.of-refraction.was  of  t,io  interest 
per  -se,  much  in  the  some  way  that;  the  coefficient  of  thermal  expansion.  of  mercury  is  not  of  intijfest.in 
calibrating  a thermometer. 

Soretand  Saras  in  (1889)  were  th’  first  to  measure  the  index  ofrefraction  of  seawater  - more  perhaps 
out  of  curiosity  than  any  real  need.  They  used  a seawater- of  unspecified  salinity  taken  "in  the  Mediter- 
ranean, 4-km  off  Nice,  in  clear  blue  water.  . . a little  belcw  the  surface"  whose  index  of  refraction  was 
measured  to  10x10^s  at  lOand  20°C  for  the  A,  B.  G,  D,.F,  h,  H solar  spectrum  lines  (759.4,  686.7,  656.3, 
*589.3,  488.1,  410.2,  396.8  nm,  respectively).  These  measurements  are  interesting  but  are  of  no  practical 
use  here,  primarily  because  the  sample  salinities  are  unknown. 

Subsequently,  Tomoe  (1900)  investigated  the  possibility  of  determining  salinity  by  using  the  index 
of  refraction;  interestingly  he  also  examined  the  same  possibility  using  electrical  conductivity  in  1893. 
He  used  three  natural  seawater  samples  and  eight  more  diluted  with  pure  water  to  obtain  the  index  for 
Sodium  D-light  (589.3  nm)  at  a range  of  temperatures  using  the  Halwachs  method.  Salinity  was  determined 
using  specific  gravity  (see  Section  3).  Since  Torhoe  was  interested  in  the  problem  of  determining  salinity 
through  optical  means,  he  did  not  present  values  of  the  index  of  refraction  per  se.  These  values,  however, 
may  be  computed  using  his  data  and  a formula  he  has  presented.  Computations  using  his  measurements 
are  presented  in  Section  5 for  comparison  with  our  tables.  Interestingly,  Tomoo  found  a nonlinear  depend- 
ence of  index  on  salinity  but  as  we  will  show  later  a linear  relationship  is  equally  efficient  in  describing 
the  same  data. 

Shortly  after  Tornoe,  Gifford  (1906)  made  measurements  of  the  index  of  refraction  of  seawater,  on 
surface  samples  taken  "in  blue  water,  5 miles  south  of  the  Royal  Sovereign  Lighthouse  off  the  coast  at 
Eastbourne."  No  salinity  was  provided,  but  the  index  is  reported  to  seven  decimal  places  even  though  the 
stated  accuracy  is  only  lOxlO-5.  The  omission  of  salinity  determination  is  unfortunate  because  the  mea- 
surements were  made  at  11  wavelengths  from  763.2  to  226.5  nm,  including  two  measurements  in  the  ultra- 
violet (27418,  226.5  nm)  which  have  not  been  attempted  since.  No  use  can  be  made  of  these  data  in  the 
present  work. 

In  his  Handbuch  der  Gzeanographie,  Krummel  (1907)  presented  a small  table  of  index  of  refraction 
at  18°C  for  the  Sodium  D-!ines  (589.3  nm).  The  salinities  range  from  0 to  40°/,0  every  5°/00,  and  the  index 
is  reported  to  the  fifth  decimal  place.  His  method  employed  an  Abbe  refractometer,  but  no  statement  ?s 
made  concerning  the  method  used  to  measure  salinity  nor  of  the  estimated  accuracy.  These  measurements 
are  compared  to  our  tables  in  Section  5. 

Vaurabourg  (1921a,  b)  presented  measurements  of  the  index  of  refraction  of  diluted  Mediterranean 
seawater  samples  over  the  temperature  range  0°  to  33°C  for  Sodium  D-lines,  using  a Fery  and  a Zeiss 
■mmcrTicn  rcfrcctcmster.  His  insnculato  Iniuresi  was  in  obtaining  a relationship  between  the  index  of 
refraction  and  specific  gravity  so  he  did  not  explicitly  provide  the  corresponding  sample  salinities.  They 
may,  however,  be  obtained  from  the  specific  gravity  ca  (see  Section  3).  The  index  measurements  are 
stated  to  be  accurate  to  5 x 10-5.  A comparison  of  these  values  with  our  tables  is  given  in  Section  5 with 
the  salinities  computed  using  Knudsen's  tables  (1901). 

•The  definition  of  salinity  was  formally  established  In  1 9(12,  Forch,  Knudsen  and  Sorensen  (see  Section  3). 
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Pape  (1922,  1324)  presented  a method  of  determining  seawatsr  salinity  {up  to  8°/00)  using  an  inter- 
ferometer (the  first  time  such  an  instrument  was  used  for  the  purpose),  but  provided  no  index  of  refraction 
data.  Instead  he  proceeded  to  exhaustively  describe  the  calibration  and  use  of  a particular  instrument  of 
the  Deutsche  Seewarte  (German  Hydrographic  Office).  TI..J  work  is,  therefore,  of  no  usefulness  to  this 
study. 


In  their  monumental  work  on  seawater  Bein,  Hirsekorn,  and  Moller  (1935)  performed  elaborate  mea- 
surements on  the  index  of  refraction  of  seawater,  using  both  the  Haitwachs  method  and  an  interferometric 
method.  The  first  was  exploratory,  with  the  purpose  of  calibrating  the-second  and  using  it  to  obtain  sea- 
water density  directly.  Their  extensive  report  is  a record  of  their  meticulous  and  very  complicated  work, 
but  contains  only  a small  body  of  numerical  data  (to  be  found  on  their  pages  127  and  162)  since  they  de- 
veloped an  analytical  expression  relating  the  index  to  density.  Much  later.  Saint -Guilly  (1954)  used  these 
measurements  to  provide  interpolated  tables,  but  we  disagree  with  his  use  of  the  data  as  will  be  shown 
in  Section  5.  Bein,  et  a!..  characterized  their  samples  through  the  parameter  p17<5  (see  Section  3)  rather 
than  salinity,  and  we  have  made  the  conversion  using  Knudsen's  tables.  The  remarkable  fact  about  these 
data  is  that  they  are  expressed  to  the  sixth  decimal  place  and  the  stated  accuracy  is  assumed  to  be  equ- 
ally high.  The  same  authors  have  also  shown  that  density  values  obtained  interferometrically  end  through 
chlorinity  differ,  suggesting  that  the  two  types  of  measurements  are  not  equivalent.  This  point  will  be 
taken  up  later. 

A significant  effort  to  determine  the  index  of  refraction  of  seawater  as  a function  of  temperature 
and  chlorinity  was  undertaken  by  Utterback,  Thompson,  and  Thomas  (1934)  who  conducted  measurements 
with  an  immersion  refractometer  at  one  wavelength  only  (589.3  nm.  Sodium  D-line  pair)  on  samples  of 
natural  seawater  diluted  to  cover  a large  chlorinity  range,  with  the  highest  chlcrinities  apparently  ob- 
tained from  the  Mediterranean.  No  reference  to  Copenhagen  Standard  Seawater  was  made.  At  each  chlor- 
inity, measurements  were  made  at  six  temperatures  (0  to  25°C  every  5°C)  effectively  covering  the  temper- 
ature and  chlorinity  dependence  of  index  of  refraction  at  that  particular  and  very  popular  wavelength,  at 
atmospheric  pressure.  This  body  of  data  is  of  high  quality.  Even  though  criticism  has  been  expressed  on 
the  use  of  the  pair  of  Sodium  D-lines  that  are  0.5  nm  aoart,  resulting  in  decreased  resolution,  it  can  be 
shown  that  an  error  of  0.5  nm  in  wavelength  would  produce  an  index  error  of  about  1.8x1CT5  which  is 
within  their  stated  accuracy  of  3x10~s.  For  more  precise  measurements,  however,  the  Sodium  D-line  doub- 
let is  not  an  optimal  choice.  These  data  of  Utterback,  et  at.  were  the  mainstay  for  over  30  years  (up  to 
1968)  and  have  been  reproduced  in  various  publications.  For  our  purposes,  the  most  significant  result  to 
come  out  of  Utterback,  et  a!,  was  the  determination  that  the  dependence  of  the  index  of  refraction  on 
chlorinity  (and  salinity)  is  linear,  at  least  up  to  the  typical  concentrations  (3.5  g/kg)  found  in  the  oceans. 
This  is  a very  fortunate  circumstance  which  has  been  corroborated  by  later  investigators  and  which  joins 
a number  of  similar  linear  relationships  applicable  to  dilute  aqueous  solutions  (Henry's  Law;  see  Section 
4.2  for  comments).  The  slope  of  this  linear  dependence,  however,  is  a function  of  temperature  and  also  of 
pressure  and  wavelength.  A comparison  with  our  tables  is  presented  in  Section  5.  Much  laior.  Cox  (1965) 
used  ine  original  data  of  the  above  investigators  to  compile  a similar  but  slightly  different  table;  however, 
we  will  not  be  concerned  with  it  here. 

A very  significant  development  in  index  of  refraction  determinations  was  the  publication  by  Tilton 
and  Taylor  (1938)  of  the  U.S.  National  Bureau  of  Standards,  of  their  monumental  work  on  the  index  of  re- 
fraction of  pure  water  at  a large  number  of  wavelengths  and  temperatures  at  atmospheric  pressure.  Al- 
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though  net  directly  applicable  to  seawater,  this  studytisatablished  the  index  of  ^refraction  of  pure  water 
to  1 x1(T‘,  the  highest  accuracy  ever  attained  up: to  the  present  time  ><sing  the  minimum  deviation  method, 
and  afforded  later  experimenters  a convenient  way  to  calibrate  t?, lactometers.  To  achieve  this  accuracy 
Tilton  and  Taylor  went  to  extreme  pains  to  include  changes  in  environmental  temperature,  pressure,  humid- 
ity, degree  of  water  purity,  end  even  the  dissolution  of  the  pram-container.. As  an  example  of  tfcs  progress 
in  Index  determinations,  their  value  at  589.3  nm  and  20°f  fs  1.3329877,  as  compered  to  1.33301  used  by 
Utterback,  air  at.  (1934)  who  did  not  have  the  benefit  of  illton  and  Taylor's  pure  water  data.  The  Tilton  and 
Taylor  data  have  been  used  extensively  and  will  be  referred  to  agoin  later. 

Meanwhile,  Miyake  (1939)  conducted  a study  of  the  index  of  refraction  of  seawater  using  a Puffrich 
refractometer,  with  the  main  emphasis  on  the  refractivities  of  its  ionic  constituents  and  managed  to  effec- 
tively explain  tne.departure  of  the  index  of  seawater  from  that  of  pure  water  as  the  sum  of  the  depertures 
of  the  individual  major  ionic  constituents,  Na,  K,  Mg,  Ca,  Cl,  S04,  etc.  His  values  of  the  index  of  refrac- 
tion of  seawater,  determined  at.the  Sodium  D-lines  (589.3  nm)  and  at  25°C,  do  not  appear  to  be  as  good 
as  those  of  Utterback,  et  at.  A comparison  is  presented  in  Section  S.  The  fact  that  simple  additivity  of 
refractivities  can,  however,  account  for  the  index  of  refraction  of  seawater  corrobot^t^s  the  linear  rela- 
tionship between  index  and  salinity.  Miyake  also  established  that  90  percent  of  the  difference  in  index 
between  pure  water  and  seawater  is  due  to  the  chloride  ion,  which  is  a significant  statement  with  impor- 
tant implications  on  the  differences  between  the  chlorinity  and  the  index  methods  of  determining  density, 
(see  Section  3)  since  the  chloride  ion  contribute-.}  only  about  55  percent  to  density. 

Saint-Guily  (1952,  1954,  19G5)  examined  again  the  possibility  of  determining  seawater  density  from 
the  index  of  refraction  using  the  relates  of  Bein,  et  at.,  and  found  that  densities  measured  optically  and 
chemically  on  the  same  samples  s'^owed  differences  that  in  all  probability  were  attributable  to  the  differ- 
ent sensitivity  of  the  two  methods  with  respect  to  composition  (see  Section  3).  He  also  examined  the 
potential  of  various  interferometric  methods  in  providing  accurate  measurements  of  index  of  refraction. 
In  his  1354  paper,  Saint-Guilly  used  the  data  of  Bein,  et  at.,  on  the  index  difference  between  seawater 
and  pure  water  for  the  Helium-yellow  line  (587.6  nm)  and  strangely  (and  erroneously)  added  them  to  the 
pure  water  deta  of  Tilton  and  Taylor  for  the  Sodium  D-lines  (589.3  nm)  to  obtain  the  index  of  seawater  with 
respect  to  air  at  589.3  nm.  We  strongly  object  to  this  misuse  of  the  data,  in  arbitrarily  switching  wave- 
lengths, and  we  have  ignored  the  numerical  values  he  has  presented.  Bein,  et  at.,  never  used  the  Sodium 
D-lines  due  to  their  doublet  character. 


Velrnozhnaya  (1960)  and  Sabinin  and  Gamutilov  (1958)  have  presented  an  interferometric  method  of 
measuring  seawater  salinity  using  the  index  of  refraction.  Howeyer,  as  Pape  had  done  almost  40  years 
earlier,  they  do  not  present  index  of  refraction  values  per  se  but  instead  only  a correspondence  of  salinity 
to  the  number  of  fringes  counted,  using  a particular  instrument  (I7R-2).  Thus,  their  study  is  of  no  interest 
for  the  present  purpose. 

A second  study  on  the  index  of  pure  water,  complimenting  that  of  Tilton  and  Taylor,  is  that  of  Waxier, 
We?r,  and  Schomp  (1SS4)  v»»g  measured  ine  index  of  refraction  of  pure  water  afhigh  pressures  and  at  sev- 
eral temperatures  and  wavelengths.  Even  though  the  accuracy  is  roughly  1 x 10"4  and  some  inconsistencies 
have  been  found  in  the  data,  this  work  has  provsn  very  useful  in  enabling  us  to  compile  the  index  of.re- 
fraction  tables  at  high  pressures  for  various  salinities,  using  the  linear  dependence  on  salinity.  The  exam- 
ination of  these  data  will  be  presented  in  Subsection  4.4. 
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Rushy  (1967),  in  a very  carefully  designed  experiment,  undertook  extremely  precise  interferometric 
measurements  (0.04 x 1C-5)  of  the  index  cf  refraction  difference  between  seawater  and  Copenhagen  Stand- 
ard Seawater  (35 %<*),  termed  “refractive  index  anomaly,"  at  the  Hg  wavaiehgth  546.227  nm  (in  vacuo)., - 
The- use  of  this  wavelength  is  an  improvement  over  the  previously  more  popular  Sodium  D-Hne  doublet 
(589.0  and  589.6  ran)  for  precise  work  of  this  type.  Rusby's  numerous  samples  were  diluted  from  high- 
salinity  Mediterranean  seawater,  covering  a range  30  to  39*4o,  with  salinity  determined  to  a standard 
deviation  of  0.0055°4e.  His  results,  even  though  relative  to  the  35°4S  standard,  are  extremely  useful  and 
are  reported  to  the  seventh  decimal  place  which  is,  for  the  inverse  problem  of  determining  salinity  from 
the  index,  comparable  to  the  accuracy  of  the  conductivity  method.  Rusby  determined  the, relationship  be- 
tween the  salinity  and  the  refractive  index  anomaly  at  20°C  on  a very  large  number  of  samples  and  then 
proceeded  to  establish  the  temperature  dependence  by  obtaining  measurements  at  17;3,  20.1,  25.3,  and 
30.1  °C  on  a smaller  series  of  samples.  These  extensive  measurements  were  fitted  to  a polynomial,  giving 
the  salinity  when  the  refractive  index  anomaly  at  this  wavelength  and  the  temperature  are  known. 


S = 35.000  + 5.3302  x 103  An  + 2.274  x 10s  An2  + 3.9  x 106  An3 
+ 10.59An(T-*20)  + 2.5  x 102An2(T-20) 


(2.1) 


valid  within  the  ranges: 


-8x  10“4  < An  < 7 x 10-'* 
30.0%,  < S < 38.8%o 
17°C  < T < 30"C  . 


This  relationship  appears  to  contradict  the  linear  dependence  of  index  on  salinity;  but  as  will  be  shown 
later,  it  provides  linear  values  to  the  10-5  precision  between  salinities  330/o,,  to  38°/o0.  These  data,  will  be 
compared  with  our  tables  in  Section  5 even  though  the  accuracy  of  Rusby's  values  far  exceeds  that  of  our 
own  tables.  For  oceanographic  purposes,  Rusby's  results  are  applicable  at  the  ocean  surface,  snd  it 
would  be  desirable  to  have  such  extremely  accurate  determinations  extended  to  lower  temperatures  and 
to  higher-than-atmospheric  pressures.  Rusby  's  results  have  appeared  in  the  UNESCO  International  Oceano- 
graphic Tables  (1966a). 

Within  the  past  7 years  new  and  more  extensive  measurements  have  been  obtained  on  the  index  of 
refraction  of  seawater  - spurred,  no  doubt,  by  the  recent  development  of  optical  equipment  used  in  the 
cccsns.  The- two  ncrks  in  questlw  eie  by  Menu  arid  Johannin-Giiles  t1S68)  and  by  Stanley  (1971). 

The  first  of  these  determined  the  index  at  atmospheric  pressure  for  10  wavelengths,  5 chlorinities, 
and  6 temperatures  and  is  the  most  extensive  and  internally  consistent  body  of  data  available  to  date. 
The  second  determined  the  index  at  35°/eo  salinity  at  5 wavelengths,  but  over  a large  pressure  and  tem- 
perature range  and  is  tha  only  one  ever  to  have  included  high-pres3ure  index  measurements  on  seawf/ter. 
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These  two  bodies  of  data,  together  with  that  of  Waxier,  Weir,  and  Sehamp  mentioned  earlier,  form  the 
basis  for  the  extensive  tables  presented  ir.  this  report  end  will,  therefore,  be  reviewed  and  anatyzed  in 
greater  detail.  The  Mohu  and  Johannin-Giiles  study  (hereinafter  M-G)  was  undertaken  through  the  recom- 
mendation of  a UNESCO  commission  in  1962.  All  their  measurements  have  been  conducted  at  atmospheric 
pressure  for: 


Wavelengths:  404.7(Hg),  436.8(Hg),  467.8(Cd),  480.0(Cd),  508.5(Cd),  548.1  (Hg),  577.0(SCr), 
579.1  (Hg),  589.3 (Na),  643.8(Cd)  nanometers. 

Temperatures:  1,  5, 10, 15, 20,  25,  30  degrees  Celsius,  and 

Chlorinities:  0,  4.887,  9.603, 14,569;  19.373  parts  per  thousand  . 


This  forms  a sufficiently  dense  body  of  data  to  permit  a closely-speced  interpolation  over  the  three 
parameters. 
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The  samples  used  in  the  experiment  were  diluted  from  Copenhagen  Standard  Seawater  of  19.373°/eo 
chlorinity  (or  34.998 #/00  salinity  using  the  proportionality  factor  1.80655)  with  the  chlorinity  for  all  the 
samples  determined  to  five  significant  digits.  Temperature  control  was  within  0.025°C  with  a corres- 
ponding uncertainty  in  index  of  0.5  x 10"s.  The  index  of  refraction  has  been  obtained  with  respect  to  air 
(not  vacuum)  and  the  experimental  technique  utilized  the  method  of  minimum  deviation  with  readings  taken 
goniometricaliy.  The  measurements  actually  obtained  were  of  the  difference  in  index  of  refraction  between 
a seawater  sample  and  one  of  twice-distilled  pure  water.  This  difference  was  then  added  to  the  index  of 
refraction  of  pure  water  to  obtain  the  desired  result.  Some  of  these  pure  water  values  (at  589.3,  577.0, 
546.1,  435.8,  and  404.7  cm)  were  taken  directly  from  Tilton  and  Taylor,  while  at  the  ether  five  wave- 
lengths they  were  determined  by  the  autiiors  and  are  judged  by  us  to  be  consistent.  M-G  also  maintain 
that  the  index  of  refraction  of  seawater  depends  linearly  on  salinity,  but  their  salinity  dependence  con- 
tains some  systematic  deviations  at  all  wavelengths  and  has  been  dealt  with  as  described  in  Subsection 
4.2.  Additional  comments  are  to  be  found  in  Section  5. 


The  Stanley  data  provide  the  pressure  Dependence  necessary  for  extending  the  tables  to  this  fourth 
parameter.  Stanley  conducted  interferometric  measurements  of  the  index  cf  refraction  of  Copenhagen  Stand- 
ard Seawater  of  35%„  salinity  at  four  pressures  (352,  703,  1055,  and  1406  kg/cm*  gage),  three  tempera- 
tures (0.03,  15.02,  and  29.98  °C),  and  five  wavelengths  (457.9,  48S.0,  501,7,  514.5,  and  632.8  nm).  Un- 
fortunately, he  did  r«ot  vary  salinity,  necessitating  the  uso  of  the  Waxier,  et  al.  data  for  this  purpose. 
He  did,  howevo» , measure  the  index  of  pure  water  at  the  same  pressures  and  temperatures,  but  only  at 
632.8  nm.  T«rMw*?ura  centre!  was  rsintsined  to  within  ±0:01  °C,  isiifiiiy  to  within  Tu.10vi0  (only  posi- 
tive doe  to  evaporation)  and  pressure  to  within  ±1.4  kg/cm2,  with  corresponding  errors  in  the  index  cf 


about  i0.0f5x10“s,  +2.0x1(T5.  and  ±2.0x10~s,  respectively.  The  temperature  dependent  error  is  trivial, 
but  the  two  other  errors  are  significant.  Stanley  states  a total  experimental  error  of  ±6x10"5.  The  method 
he  employed  involved  an  interferometer,  so  the  actual  quantity  measured  was  the  number  of  fringes,  which 
was  converted  into  an  index  of  refraction  difference  at  high  pressures  horn  that  at  atmospheric  pressure. 
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Tbit  difference  in  fixtox  was  added  to  tbs  value  at  atmotpheric  pressure  (after  applying  a tmail  correction 
for  vaeeal  expancJws)  to  obtain  the  index  at  high  pressures.  In  our  presentation  of  these  results,  we  have 
used  only  the  fringe  counts  (original  dais)  and  hawcompleteiy  ignored  the  actual' absolute  index  of  re* 
fraction. that  was  computet}.  The  reasons  for  this  will  be  explained  in'Subeection  4.3.  The  Stanley  data 
comprise  the  only  set  for  higher  than  atmoepheric  pressures  for  seawater  and  cannot,  therefore,  be  com- 
pered to  sny  others  fer  accuracy  and  quality. 

In  summary,  the  be*t  available  data  of  the  index  of  refraction  of  pure  water  at  atmotpheric  pressure 
■re  generally  accepted  is  be  those  of  Tilton  and  Taylor  0938),  and  at  higher  pressures,  those  of  Waxier. 
Weir,  and  Schemp  (1984).  For  seawater,  the  moot  comp^ehihsive  measurements  are  by  Mehu  and  Johannin- 
Gills*  (1968)  at  atmospheric  pressure  and  by  Stanley  (1971)  at  higher  pressures.  These  four  date  sets 
form  the  basis  of  our  tables,  but  the  data  of  Rusby  (1966)  and  of  Utterbeck,  Thompson,  and  Thomas  (1934) 
will  be  used  for  comparisons  and  determination  of  accuracy  in  Section  5. 


3,  SOME  REMARKS  ON  THE  GHLORlNITY,  SALINITY, 
BEMSITY  AND  SPECIFIC  GRAVITY  AS  RELATES 
TO  THE  INDEX  OF  REFRACTION 
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In  the  present  study  our  immediate  interest  is  in  considering  the  relationship  between  chlorinity  and 
salinity,  since  several  studies  of  the  index  of  refraction  have  characterized  the  seawater  samples  by 
either  one  or  the  other  of  these  quantities.  We  are  only  interestod  in  the  density  in  a different  sense; 
nemely,  in  converting  some  of  the  older  data  from  density  to  salinity  for  comparison  with  our  values  and, 
in  * more  genera  I sense,  in  using  the  index  of  refraction  to  measure  it.  In  oceanography  the  usualnaram- 
er<*  characterizing  density  is  not  density  itsolf  but  specific  gravity,  a dimensionless  quantity  which  is 
the  ratio  of  the  density  of  a seawater  sample  at  some  temperature  to  the  density  of  pure  water  at  4°C.  If 
this  density  of  pure  water  is  taken  by  definition  as  equal  to  1.0  g/cm3,  then  the  density  (g/cm3)  and  the 
specific  gravity  (dimensionless)  are  numerically  equal.  Originally,  the  gram  was  defined  as  the  weight  of 
1 cubic  centimeter  of  pure  water  at  4 degrees  Celsius.  The  gram  has  since  been  redefined  as  being  one- 
thousandth  the  mass  of  the  standard  kilogram  kept  at  the  Bureau  International  des  Puds  et  Mesures,  This 
latter  definition  constitutes  an  increment  of  0.003  percent  over  the  former,  so  present-day  specific  gravity 
differs  numerically  from  density  by  this  amount.  The  older  literature  used  density  and  specific  gravity 
interchangeably,  with  density  being  the  preferred  term. 


The  specific  gravity  is,  perhaps,  the  most  well  studied  property  of  seawater  due  to  its  direct  appli- 
cability to  the  study  of  ocean  currents.  The  literature  concerning  it  is  about  as  old  as  oceanography 
itself,  dating  perhaps  to  before  the  1870’s^  and  its  study  has  been  continued  up  to  the  present  time.  The 


reason  for  this  is  that,  as  is  the  case  with  so  many  other  oceanographic  measurements,  it  cannot  be  mea- 


8 ured  m sitir nor  ca n it  be  tneastred  on  shipboard,  since  the  method  to  be  employed  requires  very  delicate 
weighing.  In  order  to, circumvent  It*;  direct  measurement,  one  must  conduct  separate  measurements  of  tem- 
perature, "salt  content,”  and  pressure  and  compete  the  specific  gravity  from  empirical  experimental  rela- 
tionships established, in  an  on-shore  laboratory.  This  is  necessary  because  no  satisfactory  analytical  ex- 
pression deriving  from  theory  has  bean  developed  for  the  equation  of  state  of  seawater.  (See,  however. 
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Fisher,  Williams,  and  Dial,  1370.  With  the  progress  of  time,  measurements  of  temperature  and  pressure 
have  become  increasingly  more  convenient,  precise,  and  accurate.  However,  measurement  of  the  "total 
salt"  content  is  not  as  direct' and  las  had  an  erratic  history.  Ever  since  Dittmar  (1884)  found  that  the 
composition  of  seh^ater  is  almost  ccnster.t,  implyingthat  tho  raiics  of  dissoivsd  ion  concentrations  are 
also  almost  constant  \See  Oirritt  isnd  Carpenter,  1959),  it  has  occurred  to  oceanographers  that  by  mea- 
suring only  one  ionic  constituent  of  seawater  and  knowing  these  almost-constant  ratios,  it  would  be 
possible  to  arrive  at  tju*  otherionicconstituents  and,  therefore,  at  the  total  saltcentent.  Using  this  the 
dmsity> (specific  grsvity):couid  be  obtairied-when  the  temperature  and  pres  '^  are  known.  The  chloride 
ion  was  chosen  to  be  this  single  constituent  since  it  can  be  very  accurate'  <itrated  into  AgCI.  The  other 
halide*  Br  and  i are  also  ipciuded  in  providing.th'e.chlainity,  from  which  the  salinity  is  obtained. 

The  most  accurate  pressnt-day  measurements  of  thespecificgravity  of  seawater  (Cox,  McCartney, 
and  Culkin,  1970}  necessitate  knowledge  of  the  salinity  to  five  significant  digits,  e.g.,  34.982%0(34.982 
g/kg).  This  means  that  any  constituent  contributing  more  than  .0001  percent  by  weight  should  be  ac- 
counted for,  i.e.,  all  constituents  abova  the  part-per-million  range.  The  major  ionic  components  of  sea- 
water are  <given  below  in  table  3-1,  together  with  their  partial  contributions  to  the  index  of  refraction 
(Miyake,  1939)  and  to  the  approximate  specific  gravity  increments  over  the  corresponding  values  for  pure 
water.  Tire  contributions  to  specific- gravity  are  only  approximate,  and  the  numbers  actually  represent  the 
percentage  contributions  in  g/kg  to  SS'/^g/kg)  seawater.  To  obtain  values  on  avolumebasis  the  volume, 
changes  and  the  temperature  must  be  taken  into  account. 


Tab  I*  3-1.  The  percentage  contribution  of  the  major  ionic  constituents  of  35c/4a  seawater,  to  the  change  in 
index  of  refraction  An  and  specific  gravity  A p over  tho  corresponding  values  of.puro  water. 


An 

% 

A P 

(approx.)  % 

Cl 

90.54 

55.04 

Na 

1.71 

30.61 

S04 

7.59 

7,68 

Mg 

-1.60 

3.69 

Ca 

1.37 

1.16 

K 

0.39 

1.10 

NOTE:  An  taken  from  Miyake  (1933).  A p is  ap- 
proximate. It  actually  represents  the  in- 
crease by  weight  rether  than  volume. 
The  negative  contribution  of  Mg  to  An 
is  noteworthy. 


it  is  interesting  to  note  that  the  ionic  components  do  not  contribute  equally  to  specific  gravity  and 
index.  Thus,  one  expects  tb8t  a one-to-one  correspondence  could  be  established  .only  if  the  seawater  com- 
position is  truly  constant.  It  was  a. consideration  such  asthte  that  prompted  Carritt  and  Carpenter  (1959) 
to  state  that  the  measures  of  chlorinity,  salinity,  density  (or  specific  gravity),  conductivity,  and  index  of 
refaction  are  not  necessarily  in  a one-to-one  relationship. 
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Historically,  Fotch,  Knudsen,  and  Sorenean  (1902)  first  presented  a forma  1=  definition  of  salinity  ~ 


"Salinity  is, defined  as  folt'ws:  The  weight  of.  dissolved  solid  material  found 
in  1'  kilo  of  seawater,  after  ail  the  bromine  has  been  replaced  fey- an  equiva- 
lent quantity  of  chforincvaiHhe  carbonate  converted  to  oxide,  and  all  the 
organic  matter  destroyed,"  {from  Carritt  and  Carpenter,  1953) 

- with  the  implicit  assumption  that  the  composition  of  seawater  is  constant.  They  measured  the  specific 
gravity  of  seawater  samples  and  related  it  to  the  salinity,  temperature,  and  pressure.  The  results  of  this 
work  led  tothe  famous  Knudsen  Hydrographic  Tables,  (Knudsen,  1991),  for  obtaining,  the  specific  gravity 
of  soa water.  During  this  work,  independent  determinations  of  the  salinity  and, the  chiorinity  (defined  as 
"The  totaliamouiit  of  chlorine,  bromine,  and  iodine  in  spams  contained  in  1 kilogram  of  water,  assuming 
that  the  bromine  and  iodine  have  been  replaced  by  chlorine")  were  made  and  an  empirical  relationship 
was  established  between  the  two;  i.a.. 


SV„  = 0.030+ 1.6050  Cl  . 


(3.1) 


This  relationship  has  been  termed  the  Knudsen  relation  and  has  held  for  about  50  years  almost  without 
challenge.  However,  Carritt  and  Carpenter  (1959)  have  shown  that  a better  fit  to  the  same  data  is: 


8%.  = 0.0313+  1.80488  Cl  %0 


(3.?) 


which,  however,  would  be  modified  to: 


S°/w  = 0.0078 +1.8060  Cl  V-# 


(3.3) 


if  the  "atypical"  Baltic  and  North  Sea  samples  that  were  used  in  the  original  determinations  were  ex- 
cluded. For  a chiorinity  of  19°/00  the  above  three  relations  give  S=  34.325°/00,  34.32<1%»,  and  34.322%t, 
while  for  Cl  = 5%o  the  salinities  are  S=  9.055°/io,  9.066°/co,  and  9.038  respective V« 

The  above  relations  are  essentially  equivalent  for  normal  oceanic  salinities  H.! 5V09),  but  they  do 
differ  at  the  lower  salinities  as  shown  In  the  above  example,  making  evident  the  unwairented  weighting 
of  the  lower  salinities,  by.  the.NorthSea.and  B«ltic.  Mmp!9?-wh<>se  compe3!t:o^  ,!sccrtsini>  different,  Such 
differences  were  not,  however,  important  before  The  1940's  since  the  routine  methods  of  n*dasurement  at 
that  time  could  not  achieve  the  necessary  accuracy,  it  should  be  noted  that  the  "total  saiJt"  content  of 
seawater  is  about  0.46  percent  greater  than  its  salinity  as  defined  by  Knudsen  (See  Ki ley  and  Chester, 
1971*  p.  13), 
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It  5s  important  to  note  that  the  primary  measure  of  salinity  was  at  that  time  based  on  chlortaity  and 
die  Knudsen  relation,  and  Standard  Seewater  was  specified  through  its  chlorinity. 

in  1940,  the  definition  of  chlorinity  wasrecast  (Jacobsen  and  Knudsen,  1940)  in  order  to  divorce  it 
from  its  dependence  on  the  atomic  weight  values  and  was  expressed  in  die  following  form: 

"Tha  number  giving  the- chlorinity  in  per  milte  of  a seawater  sample  is  by 
definition  identical  with  the  number  giving  the 'mass  with  unit  gram  of 
'Atomgewicbt  silber'  just  necessary  to  precipitate  the  halogens  in 
0.3285234  kilogram  of  the  seawater  sample." 

'Atomgewicht  silber’  means  atomic  weight  silver,  a very  pure  form  of  silver.  This  definition  ensured 
continuity  of  the  pre-1940  measurements  of  chlorinity,  and  was  established  empirically  by  comparison  cf 
the  new  Standard  Seawater  "Urncrmal  1937"  with  the  21  previously  prepared  batches  of  Stand) id  Seawatar 
over  the  period  1900-1937.  Again  the  implication  was  that  the  composition  of  seawater  was  constant. 
The  Knudsen  relation  between  chlorinity  and  salinity  continued  to  be  used  and  the  Knudsen  tables  provided 
the  means  of  obtaining  specific  gravity. 

in  the  1950's,  this  well  established  state  of  affairs  was  reexamined  and  it  was  found,  (Carritt  and 
Carpenter  1959),  that  by  specifying  chlorinity  exactly,  the  salinity  could  only  be  established  to  within 
± 0.024%,  at  the  99  percent  confidence  level,  using  the  data  on  which  the  Knudsen  relationship  was 
based.  This  led  to  some  previously  overlooked  uncertainties  concerning  seawater  composition  which  were 
actually  pointed  out  by  Dittmar  (1889)  himself.  It  was  more  recently  found  that  deep  waters  have  a propor- 
tionately higher  calcium  content  than  surface  waters,  a fact  which  had  not  been  taken  into  account  pre- 
viously since  the  samples  used  did  not  include  deep  water.  It  was  also  found  that  the  amount  of  dissolved 
gases  and  changes  in  isotopic  composition  of  water  that  could  not  b9  detected  by  measuring  chlorinity 
could  contribute  to  small  variations  in  density,  leading  to  situations  where  two  samples  of  the  same 
chlorinity,  but  varying  in  die  above  quantities,  hava  different  salinities  and  densities.  These  latter  differ- 
ences, however,  are  only  barely  above  the  threshold  of  present-day  measurement  capabilities. 

Discrepancies  between  chlorinity,  specific  gravity  and  index  values  were  also  found  to  occur  by 
Bein,  ot  at.  (1935)  who  used  a calibrated  interferometer  to  obtain  specific  gravity  and  who  also  made  inde- 
pendent determinations  of  chlorinity.  Thompson  and  Wirth  (1931)  also  found  discrepancies  of  this  type, 
implying  that  the  Knudsen  Hydrographic  Tables  were  actually  slightly  low  in  specific  gravity. 

After  Carritt.and  Carpenter  generated  new  interest  in  this  problem,  Cox  (1963)  discussed  the  "salinity 
problem"  and  described  the  relatively  new  conducti  metric  methods  used  for  its  measurement  Cox,  Culkin 
and  Riley  (1966)  presented  a much  more  refined  chlorir.ity-to-electrical-conductivity  relationship,  using 
Copenhagen  Standard  Seawater.  More  recent  work  by  Cox,  McCartney  and  Culkin  (1970)  established  a new 
relationship  between,  specific  gravity,  salinity  and  temperature.  From  the  above  works  of  Cox  and  his  col- 
leagues at  the  National  Institute  of  Oceanography,  a new  relationship  between  salinity  and  chlorinity 
was  established, 

S°/00  = 1.80655  Cl %0  (3.4) 
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as  .described  in-UNE&CO  (1966b),  which  for  Ci  = 19%,.and  5%o  gives  S = 34.325%,  and  9.033%,  respec- 
tively (Compare  with  relations  3.1.  3.2.  3.3V. 

This  relationship  s intend  to  use  in the  present  study  to  obtain  the  correspondsnce- of  S and  CU 
for  the  more  recent  experimental  works  on  the  index  of  refraction,  and  specifically  the  Mehu  and  Johannirv- 
Gilles  (1968)  data. 

A slight-modification  will  be  necessary  to  convert  pre-1940  chlorinities  to-salinities  due  to  the 
change  in  atomic>weights  as  pointed  out  by  Reeburgh  (1966)  and  the  relationship  becomes 


_ 1,80656 
“ 1.00045 


Cl%, 


which  will  specifically  be  used  to  convert  the  Utterbeck,  et  at.  data. 


(3.5) 


I 

'ihe  difference  between  the  last  two  formulae  for  a C!  of  19%,  would  produce  S = 34.324%,  and  ; 

S=  34.309%o  which  is  not  insignificant  and  has  led  to  erroneous  conclusions  in  the  past. 


Such  differences  become  important  when  accuracies  at  and  beyond  the  fifth  decimal  place  in  index 
of  refraction  are  crwiidered. 

Recently,  with  the  advances  of  conductimetric  methods  of  measuring  salinity,  a new  definition's 
been  adopted  for  salinity  which  uses  the  conductivity  ratio  of  a seawater  sample  to  that  of  pure  water, 
both  at  15°C  (UNESCO.  1966b).  In  addition.  Copenhagen  Standard  Seawater  is  now  laboled  with  both  its 
chlorinity  arid  its  conductivity  ratio. 


A general  observation  applicable  to  almost  all  the  experimental  works  that  were  reviewed  in  this 
study  refers  to  the  methods  of  obtaining  the  various  seawater  samples  to  cover  a range  of  salinities.  One 
very  popular  method  is  to  begin  with  Copenhagen  Standard  Seawater  (~35%,)  and  through  dilution  with 
multiply-distilled  fresh  water,  to  obtain  samples  at  other  salinities.  This  method  is  restricted,  of  course, 
to  salinities  below  35%,  and  the  ionic  and  isotopic  composition  of  the  fresh  water  used  may  be  important. 
Some  investigators  have  obtained  higher  salinities  by  permitting  evaporation  of  their  samples,  which  is 
a questionable  practice.  Another  method  is  to  begin  with  high-salinity  seawater  (e.g.,  from  the  Mediter- 
ranean) and  follow  tire  above  procedure  of  dilution  to  obtain  salinities  above  35%0,  A third  and,  in  our 
opinion  a more  correct  method,  is  to  mix  actual  seawater  samples  of  different  salinities  to  obtain  Inter- 
mediate values.  It  is  very  probable  that  the  above  procedures  encounter  difficulties  with  respect  to  modi- 
fication of  the  ionic  composition,  which  are  usually  ignored.  It  Is,  nevertheless,  an  important  point,  when 
comparisons  between  different  methods -e.g.,  conductimetric  versus  optical-are  made  in  achieving  the 
same  goal,  i.e.,  salinity  determination.  In  relation  to  this,  it  is  instructive  to  recall  that  investigators 
measuringpure  water  properties  are  chiefly  concerned  with  its  purity;  whereas,  in  the  case  of  seawater, 
this  is  anracademic  question. 


3-5 


In  the  present  work  the  accuracy  of  the. index  of  refraction  provided  in  our  tables  is  not  sufficient  to 
probe  any  such  fine  distinctions,  but  in  Section  6 some  thoughts  on  the  subject  and  some  estimates  of  the 
necessary  accuracy  will  be  offered. 

In  oceanographic  usage.  the  density  is  expressed  ss  specific t gravity  p( s,t,p)  and  is  customarily 
used  in  an  abreviated  form  expressed  as  o’(>t)P  where 


Vt,P  = (p(s,t,p)-1]x  103  . 


(3.6) 


Thus  for  p(s,t,p)  = 1.02478,  we  have  <r>>t  = 24.78.  It  is  also  often  useful  fo  express  this  form  of 
specific.gravity,  referred  to  atmospheric  pressure,  and  call  this  term  sigma-t  (ot) 


= [(p(s,t,o)-l]  xIO3  . 


(3.7) 


When,  in  addition,  a direct  correspondence  of  specific  gravity  with  salinity  is  desired,  the  temperature 
must  be  fixed,  and  0°C  has  been  chosen  for  this  purpose,  providing  another  variant,  sigma-zero  (o0) 


<*0  = [(p(s,0,0)-1)  xIO3  . 


(3.8) 


In  the  older  wotks,  Knudsen  (1901 ),  Bein,  et  al.  (1935),  a parameter  characterizing  density  was  p,  7 5,  de- 
fined as 


P 17. s 


.Sp,wU7.5). 


-1 


x 103 


(3.9) 


where  St  w(17  J)  is  the  specific  gravity  of  seawater  at  17.5°C  (referred  to  distilled  water  at  4°C),  and 
Sp,w<!7.5>  similarly  for  pure  water.  Specific  gravity  is  not  to  be  confused  with  specific  weight  which  is 
the  product  of  the  density  of  seawater  and  the  acceleration  of  gravity  g.  Since  Bein,  et  a/.,  use  this  ex- 
pression (Bq.  3.9),  we  have  used  Knudsen's  Tables  which  provide  the  correspondence  between  Ci,  S,  a0, 
and  p]7  s to  convert  to  salinity.  The  above  relations  should  be  kept  in  mind  for  some  of  the  data  we 
will  consider  later. 


Most  of  the  modern  work  on  oceanographic  standards  and  relationships  between  the  various  quan- 
tities can  be  found  in  a series  of  reports  of  the  Joint  Panel  on  Oceanographic  Tables  and  Standards  pub- 
lished by  UNESCO,  one  of  which  is  listed  in  the  References  at  the  end  of  this  report. 
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4.  THE  INDEX  OF  REFRACTION  OF  SEAWATER 


The  index  of  refraction  of  seawater  may  generally* be  considered  to  be  a function  of,the  salinity 
temperature  T,  pressure  P,  and  wavelength  A. 

The  natural  ranges  over  which  thesa  variables  extend  are:  0<S<43%0,  0<T<30°C,  0<P<1100 
Kg/cm2.*  These  are  the  relevant  ranges  of  the  parameters  fromthe  oceanographic  point  of  view.  The  wave- 
length range  of  interest  is  400<A<700  nm  (i.e.,  the  visible  spactrum).  In  the  ocean?,  however,  not  all 
combinations  of  these  values  are  realized.  As  a matter  of  fact,  most  oceanic  waters  hzvo  very  well  de- 
fined characteristic  temperature  versus  salinity  correlations  which  are  used  to  distinguish, between  dif- 
ferent  water  masses,  it  also  happens  that  the  deep  waters  (high  pressures]  are  always  found  to  have  low 
temperatures  (except,  in  the  Mediterranean  and  the  Red  Sea),  although  the  reverse  is  not  true. since  there 
exist  cold  surface  waters  at  high, latitudes. 

The  coverage  presented  in  our  tables,  however,  is  not  restricted  to  oceanic  conditions  but  includes 
the  complete  ranges  given  above.  Our  final  results  are  gathered  in  Appendix  A as  Tables  A-1  through  A-6 
where  representative  three-dimensional  plots  are  also  provided  as  Figures  A-1  through  A-6. 

All  index  values  are  expressed  with  respect  to  air. 

4.1  THE  DATA  BASE 

As  mentioned  in  the  literature  review,  four  bodies  of  data  form  the  basis  of  our  tables:  the  one  by 
Mehu  and  Johannin-Gilles  (1968),  (hereinafter  M-G),  providing  the  dependence  of  index  of  refraction  of 
seawater  on  temperature,  chlorinity  (salinity),  and  wavelength  at  atmospheric  pressure,  the  one  oy  Stanley 
(1971)  providing  the  dependence  on  temperature,  pressure  and  wavelength  at  35°/00  salinity,  the  one  by 
Tilton  and-Taylor  (1938)  providing  the  index  of  pure  water  as  a function  of  wavelength  and, temperature  at 
atmospheric  pressure,  and  the  one  by  Waxier,  Weir  and  Schamp  (1964)  providing  the  dependence  on  tem- 
perature, pressure  and  wavelength  for  pure  water.  In  Section  5 the  .works  of  Utterbsck,  Thempscn-scd 
Thomas  (1934)  and  of  Rusby  (1966)  will  be  compered  with  our  results  within  the  restricted  ranges  of  the 
parameters  they  provide,  even  though  Rusby's  refractive  index  anomaly  data  are  numerically  the  most 
accurate. 

‘Pressure  is  taken  as  gage  pressure,  i.e.,  atmospheric  pressure  is  zero  gege  pressure. 


4.2  THE  DEPENDENCE  OF  INDEX  ON  TEMPERATURE, 

SALINITY,  AND  WAVELENGTH 

The  M-G  data  are  presented  in  their  original  form  in  Table  4-1  and  include  10  wavelengths,  5 chlor- 
inities,  and  7 well-spaced  temperatures  (the  salinities  have  been  computed,  sea  Section  3).  From  such  a 
table  one  may,  by  suitable  interpolation  and  some  extrapolation,  obtain  much  more  expanded  tables  of  the 
index  of  refraction  of  seawater',  provided  the  data  are  well  behaved.  The  connotation  here,  for  example, 
is  that  no  systematic  errors  occur  for  some  value  of  one  parameter  and  that  the  random  errors  are  smaller 
than  the  claimed  accuracy,  which  is  “within"  3x10~s.  As  mentioned  in  the  introduction,  the  intent  is  to 
examine  the  data  using  various  objective  tests  and  some  judgement  and  to  produce  the  most  credible  set 
of  values  covering  all  four  parameters.  With  this  in  mind,  the  M-G  data  were  examined,  and  several  sys- 
tematic discrepancies  were  noted.  Figure  4-1  shows  the  plot  for  A = 546.1  nm,  which  apart  from  the  actual 
numerical  values  of  index  is  an  example  identical  to  the  plots  for  all  the  other  wavelengths. 


A = 546.1  nm.  P = 0 (Atmospheric) 


T=  1° 
5° 
10° 


SALINITY  % 


Fig.  4-1.  Representative  example  of  the  Mehu  and  Johannin-GHIes  data,  demonstrating  the  depart 
ture  from  a linear  dependence  of  the  index  on  salinity. 


Digressing  briefly,  it  is  recalled  that  except  for  Tornoe  (1900)  (see  also  Section  5),  all- investigators 
who  determined  the  index  of  refraction  dependence  on  salinity  (to  an  accuracy  of  the  order  of  1(T5)  have 
claimed  it  to  be  linear.  M-G  make  the  same  claim  and  have  fitted  straight  lines  to  their  data  using  least 
squares.  In  the  example  in  Figure  4-1,  we  have  connected  the  lowest  and  highest  salinities  by  straight 
lines,  for  reasons  to  be  described  later.  It  is  observed  that  at  the  chlorinity  value  14.588°/00{S= 26.354%,) 
the  data  fail  below  the  line  for  ail  temperatures,  while  at  4:887°/co  (S=  8.829%,)  they  fall  slightly  above 
it  with  smaller  departures  for  the  higher  temperatures.  At  the  middle  chlorinity  value  of  9.603o/ol)(S  = 
17.348%),  they  appear  tobe.  on  the  line-except  at  the  lower  temperatures.  This  behavior  is  identicai  at 
each  of  the  10  wavelength.-,  and  the  departures  are  of  almost  exactly  the  same  magnitude,  (< 20  x 10"5). 
These  discrepancies  do  not  appear  to  be  randomly  produced  (see  Table  5-5),  but  instead  indicate  some 
systematic  cause,  which  is  almost  inpossible  tp  trace  since  the  authors'  report  is  quite  brief.  Of  all 
the  possible  causes  of  error  - temperature,  salinity,  goniometer  readings,  handling  of  the  samples, 
etc.  - we  may  eliminate  several  as  improbable.  First,  five  of  the  pure  water  values  (at  404.7,  435.8, 
546.1,  577.0,  and  589.3  nanometers)  have  been  taken  directly  from  Tilton  and  Taylor  and  their  quality  is 
unquestionable;  the  other  five  were  determined  by  the  authors  themselves  and  appear  to  be  consistent. 
Second,  at  19.373°/00  (5  - 34.998%,),  we  have  faith  in  the  chlorinity  values  since  they  were  very  precisely 
determined  during  the  standardization  process  in  Copenhagen.  Finally,  we  expect  from  previous  studies 
that  the  dependence  of  index  on  chlorinity  (and  salinity)  is  linear.  Observing  that  the  authors  claim  a tem- 
perature control  of  0.025°C,  corresponding  to  the  trivia!  uncertainty  of  about  0.1 5x10“ 5 in  index,  it  ap- 
pears that  temperature  errors  can  be  excluded  also.  The  remaining  probable  causes  are  either  erroneous 
chlorinity  determinations  for  the  diluted  samples,  or  a systematic  emr  in  the  goniometer  and  apparatus 
(whose  limit  of  resolution  was  3x  10-5,  which  is  also  the  error  the  authors  quote  for  their  work).  Surpris- 
ingly, no  mention  is  made  by  the  authors  of  their  chlorinity  measurements,  the  measurement  method  used, 
or  the  accuracy  of  the  determinations,  although  they  report  them  to  five  significant  digits. 

We  did  not  contemplate  locating  these  errors  or  correcting  for  them;  instead,  we  have  eliminated 
values  which  appeared  to  be  inconsistent.  Our  principal  objection  lies  in  the  lack  of  linearity  of  the  data, 
beyond  the  stated  3 x 1d*s  accuracy,  and  aiso  in  the  sigmoid  shape  of  the  curves  that  would  result  which 
is  inconsistent  with  the  authors'  claim  that  the  functional  dependence  is  linear.  For  further  comments, 
see  Section  5. 


In  view  of  the  above  objections,  we  have  selected  from  the  M-G  data  of  Table  4-1  only  those  values 
that  correspond  to  pure  water  (S  = 0%,)  and  Copenhagen  Standard  Seawater  (S  = 34.998°/00)  in  which  we 
have  more  faith.  The  straight  lines  are  drawn  through  these  two  salinities  in  Figure  4-1,  and  are  circled 
for  clarity.  The  abridged  body  of  data  upon  which  we  base  our  Tables  A-1  through  A-4  in  Appendix  A,  is 
given  in  Table  4-2.  Chlorinity  has  been  converted  to  salinity,  using  the  proportionality  factor  1.80655 
(see  Section  3). 

Admittedly,  in  systematically  eliminating  some  of  the  original  data,  we  have  relied  heavily  upon  the 
assumption  of  linearity  of  index  with  salinity.  We  believe  from  previous  studies  (except  Tornoe,  see 
Section  5),  that  this  linearity  is  accurate  at  least  to  the  fifth  decimal  place.  This  almost  arbitrary  choice 
of  the  data  to  be  retained  is  iater  justified  through  comparison  with  the  data  of  Utterback,  et  at.,  Sec- 
tion 5. 
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Tab!*  4*1 


Original  M*hu  and  Johanntn*GIHea  (1988)  data.  The  aalinitlaa  have  been  computed. 


X 

(»*> 

• 

TSMKBATOBS  °C 

Cfclef. 

<•'»> 

1.0 

5.0 

10.0 

15.0 

20.0 

25.0 

30.0 

404.7 

0.0 

0.0 

1.34375 

1.34368 

1.34  3 48 

1.54316 

1.34274 

1.34224 

1.34266 

8.829 

4.887 

1.34563 

1.34552 

1.34528 

1.34453 

1.34448 

1.34395 

1.34335 

17.348 

9.603 

1.34722 

1.34710 

1.34685 

1.34650 

1.34607 

1.34556 

1.34497 

26.354 

14.588 

1.34903 

1.34887 

1.548  56 

1.34814 

1.34763 

1.34706 

1.34643 

34.998 

19.373 

1.35093 

1.35072 

1.35040 

1.34999 

1.34950 

1.34894 

1.34831 

435.8 

0.0 

0.0 

1.34121 

1.34114 

1.34094 

1.34062 

1.34021 

1.33971 

1.33913 

0.829 

4.887 

1.34306 

1.34295 

1.34271 

1.34236 

1.34192 

1.34139 

1.34078 

17.348 

9.603 

1.34465 

1.34454 

1.34428 

1.34392 

1.34349 

1.34298 

1.34239 

26.354 

14.588 

1.34643 

1.34626 

1.34595 

1.34553 

1.34504 

1.34447 

1.34385 

34.998 

19.373 

1.34831 

1.34811 

1.34778 

1.34736 

1.34688 

1.34632 

1.34569 

0.0 

0.0 

1.33913 

1.33906 

1.33886 

1.33854 

1.33813 

1.33764 

1.33706 

467  • 8 

8.829 

4.887 

1.34096 

1.34085 

1.34061 

1.34026 

1.33982 

1.33930 

1.33869 

17.348 

9.603 

1.34254 

1.34244 

1.34217 

1.34180 

1.34136 

1.34085 

1.34027 

26.354 

14.588 

1.34429 

1.34412- 

1.34381 

1.34339 

1.34291 

-1.34235. 

1.34173 

34.998* 

19.373 

1.34615 

1.34596 

1.34563 

1.34520 

1.34471 

1.34416 

1.  1435  5 

480.0 

0.0 

0.0 

1.33844 

1.33837 

1.338  17 

1.33786 

1.33745 

1.33695 

1.33638 

8.829 

4.887 

1.34026 

1.34015 

1.33991 

1.33957 

1.33913 

1.33860 

1.33300 

17.348 

9.603 

1.34185 

1.34173 

1.34147 

1.34111 

1.34067 

1.34016 

1.33958 

26.354 

14.538 

1.34359 

1.34341 

1.34310 

1.34270 

1.34221 

1.34165 

1.34104 

34.998 

19.373 

1.34544 

1.34525 

1.34492 

1.34450 

1.34401 

1.34345 

1.34294 

508.5 

0.0 

0.0 

1.33701 

1.33694 

1.33674 

1.33644 

1.33603 

1.33554 

1.33497 

8.829 

4.887 

1.33H81 

1.33871 

1.33847 

1.33314 

1.33770 

1.33718 

1.33659 

17.348 

9.603 

U34041 

1.34029 

1.34002 

1.33966 

1.33922 

1.33872 

1.33814 

26.354 

14.588 

1.34212 

1.34195 

1.34163 

1.34124 

1.34075 

1.34020 

1.33959 

34.998 

19.373 

1.34397 

1.34376 

1.34344 

1.34302 

1.34253 

1.34199 

1.34138 

546.1 

0.0 

0.0 

1.33544 

1.33537 

1.33518 

1.33487 

1.33447 

1.33398 

1.33341 

8.829 

4.887 

1.33723 

1.33712 

1.33690 

1.33655 

1.33612 

1.33561 

1.33502 

17.348 

9.603 

1.33884 

1.33871 

1.338  44 

1.33807 

1.33764 

1.33714 

1.33656 

26.354 

14.588 

1.34052 

1.34034 

1.34004 

1.33962 

1.33915 

1.33861 

1.33800 

34.998 

19.373 

1.34235 

1.34215 

1.34183 

1.34140 

1.34092 

1.34037 

1.33977 

577.0 

0.0 

0.0 

1.33  434 

1.33428 

1.33408 

1.33378 

1.33338 

1.33289 

1.33233 

8.829 

4.887 

1.33612 

1.33603 

1.33579 

1.33545 

1.33502 

1.33451 

1.33393 

17.348 

9.603 

1.33773 

1.33762 

1.33734 

1.33698 

1.33653 

1.33602 

1.33547 

26.354 

14.588 

1.33939 

1.33922 

1.33891 

1.33850 

1.33803 

1.33749 

1.33689 

34.998 

19.373 

1.34122 

1.34104 

1.34070 

1.34028 

1.33979 

1.33924 

1.33865 

579.1 

0.0 

0.0 

U33427 

1.33421 

1.33402 

1.33371 

1.33331 

1.33282 

1.33226 

8.829 

4.887 

1.33605 

1.33596 

1.33573 

1.33538 

1.33495 

1.33444 

1.33386 

17.348 

9.603 

1.33766 

1.33755 

1.33728 

1.33691 

1.33646 

1.33595 

1.33540 

26.354 

14.588 

1.33932 

1.33915 

1.338S5 

1.33843 

1.33796 

1.33742 

1.33682 

34.998 

19.373 

1.34115 

1.34097 

1.34064 

1.34021 

1.33972 

1.33917 

1.33853 

589.3 

0.0 

0.0 

1.33395 

1.33388 

1.33369 

1.33339 

1.33299 

1.33250 

1.33194 

8.829 

4.887 

1=33573 

1.33563 

1.33540 

1.33506 

1.33463 

1.33412 

1.33354 

17.34B 

9.603 

1.33734 

1.33722 

1.33695 

1.33658 

1.33614 

1.33563 

1.33507 

26.354 

14.588 

1.33899 

1. 33601 

1.338  51 

1.33810 

1.33763 

1,33709 

1.33649 

34.998 

19.373 

1.34081 

1.34063 

1.34030 

1.33987 

1.33938 

V. 33883 

1.33824 

643.8 

0.0 

0.0 

1.33241 

S. 33234 

1.33215 

1.33186 

1.33146 

1.33098 

1.33042 

8.829 

4.887 

1.33419 

1.33408 

1.33385 

1.33352 

1.33309 

1.33259 

1.33201 

17.348 

9.603 

1.33580 

1.33566 

1.33540 

1.33504 

1.33459 

1.33409 

1.33352 

26.354 

14.588 

l.-»3742 

1.33724 

1.33693 

1.33654 

1.33607 

1.33554 

1.334  94 

34.998 

19.373 

1.33924 

1.33905 

1.33872 

1.33830 

1.33781 

1.33726 

1.33666 

Tsfcli  43t,  Selected  date  of  th<*  Index  of  refraction/  at. a function  of  wavelength,  salinity  and  temperature 
at  atmospheric  pressure,  used  In  constructing  the  Index  tables.  Additional  valuta  at  A*700nm 
and  S > 34.998%,  have  fusn  estimated. 


nersaATtnui  °c 
15,0 


1.34368 

1.34348 

1,35072 

1.35040 

1.34114 

1.34094 

1.34811 

1.34778 

1.33906 

1.33886 

1.34596 

1.34563 

1.33837 

1.33817 

1.34525 

1.34492 

1.33694 

1.33674 

li34378 

1.34344 

1.33537 

1.33518 

1.34215 

1.34183 

1.33428 

1.33408 

1.34104 

1.34070 

1.33421 

1.33402 

1.34097 

1.34C64 

1.33388 

1.33369 

1.34063 

1.34030 

1.33234 

1.33215 

1.33905 

1.33872 

1.33103 

1.33004 

1.33771 

1.33738 

NOTE:  for  the  data  at  700  nm  see  text. 


We  have  plotted  in  Figure  4-2  an  example  of  the  result  obtained  by  using  Table  4-2  to  construct  our 
greatly  expanded  tab  fee,  included  in  Appendix  A.  This  figure  is  for  the  wavelength  546.1  nm  and  demon- 
atretes  the  behavior  of  index  of  refraction  with  salinity  (4-2a)  and  temperature  (4-2b).  These  curves  are 
moootonlc  and  have  smooth  derivatives.  The  method  uaed  tod«riy« 

data,  it  included  in  detail  in  Appendix  B.  A particularly  interesting  situation  arises  in  Figure  4-2b  near 
°°C;  the  tomperature  gradient  for  pure  water  (S  - 0%,}  appears  to  vanish,  while  for  higher  salinities  it 
does  not.  Since  these  pure  water  dats  were  taken  from  Tilton  and  Tsylor  (1938),  we  have  reverted  to  their 
work  for  clarification.  Close  examination  indicated  that  they  found  (tbeifp.  463)  a maximum  of  the  index 
of  refraction  of  pure  water,  located  between  0 and  0,5°C  depending  on  wavelength  which  is  reminiscent 
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of  the  density  maximum  cf  pore  water  near  4°C.  They,  however,  appear  to  disagree  with  some  previous 
workers  on  whether  tho  fnde#  maximum  occurs  above  or  below  0°C.  In  any  case,  it  ie  too  slight  to  be 
observed  in.our  tables  since  it  involves  a few  units  in  the  seventh  decimal  place  in  going  from  0.5  to  0°C, 
and  the  values  at  1 and  0°C  differ i>y  about  one  unit  in  the  sixth  in  index. 

In  using  the  data  in  Table  4-2  to  derive  our  Tables  A-1  through  A-4  given  in  Appendix  A,  we  have 
proceeded  in  the  following  manner. 

We  first  proceeded  to  extend  the  wavelengtn  coverage  out  to  700  nm,  using  the  difference. in  index. 
Ah,  between  pure  water  and  34.998*4,  salinity  seawater  in  the  interval  404.7  to  643.8  nm  at  seven  temper- 
atures  as  given  in  Table  4-2.  By  extrapolating  these  An  curves  out  to  700  nm  and  knowing  the  index  of 
pure  water  at  this  wavelength,  we  computedThe  corresponding  values  at  S - 34.996*4,,  which  are  shown 
at  the  bottom  of  Table  4-2.  The  pure  water  values  are  directly  from  Tilton  and  Taylor,  while  the  others 
were  estinvited  as  indicated  above. 

Having  established  the  complete  dots  set  to  be  used,  we  proceeded  To  interpolate  over  wavelength, 
salinity,  and  temperature,  using  the  computer  routine  of  Appendix  B to  obtain  a much  more  closely  spaced 
body  of  data  which  is  presented  as  Tables  A-1  through  A-4  in  Appendix  A.  Tables  A-1(a)to  (p)  are  for 
equispaced  wavelengths.  Tables  A-2(a)  to  (j)  are  for  selected  laser  wavelengths.  Tables  A-3(a)  to  (i)  are 
for  tho  wavelengths  used  by  M-G,  while  Tables  A-4{a)  to  (t)  hold  for  specified  salinities.  Note  that  Tables 
A-1  and  A-4  contain  essentially  the  same  data  in  a different  form  of  presentation.  Figure  4*2  is  a repre- 
sentative plot  of  Tables  A-1,  A-2,  and  A-3  while  Figure  4-3  is  representative  of  Table  A-4. 


The  accuracy  of  the  original  values  is  "within”  3x10"5;  and  since  our  interpolation  routine  pro- 
duces values  passing  through  the  original  data  points,  we  claim  our  tables  to  have  the  same  accuracy, 
except  for  the  extrapolated  wavelengths  {643.8  to  700  nm)  where  the  accuracy  may  be  slightly  reduced. 

All  of  the  above  aro  applicable  at  atmospheric  pressure,  and  the  following  sections  will  involve 
their  extension  to  higher, pressures. 


4.3  THE  DEPENDENCE  OF  INDEX  ON  TEMPERATURE,  PRESSURE  AND  WAVELENGTH 

As  mentioned  at  the  end  of  Section  2,  the  only  measurements  of  the  dependence  of  the  index  of 
refraction  of  seawater  on  pressure  were  conducted  by  Stanley  (1971).  These  measurements  are  of  a lower 
accuracy  (±  6x10~5)  than  aro  the  previously  described  M-G  data  for  atmospheric  pressure  and  hold  only 
for  35*4,  Copenhagen  Standard  Seawater,  in  the  interferometric  method  used,  the  number  of  fringes  passing 
a reference  mark,  were  counted. asa.samplewa*.di»rressynHed-tc  etmespfcsric-prssstss;  Ths  rcioiiOnship 
between  the  index  of  refraction  n and  the  number  of  fringes  m is 


n 


2t 


(4.1) 
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where  A is  the  wavelength  and  t the  length  of  the  sample  traversed  by  the  beam.  By  differentiating 
theabove: 


or  in  finite  difference  form 


dn 


A.  n 

— - dm  - — dt 
2t  t 


An  = n - n0  = •—  Am  - 


X 

% 


nftAt 


(4.2) 


(4.3) 


where  the  subscript  zero  denotes  atmospheric  pressure.  Here  Am  denotes  the  number  of  fringes  passing 
a reference  mark  as  the  sample  was. depressurized  and  At  denoter  the  theoretically  computed  expansion 
of  the  vessel  due  to  pressure. 

The  above  equation  provides  only  the  change  in  index  An,  so  the  index  of  refraction  at  atmospheric 
pressure  n0  must  be  determined  in  order  to  obtain,  the  index  at. higher  pressures.  Stanley  proceeded  to 
measure  n0  at  two  wavelengths  (501.7  and  632.8  nm),  using  an  Abbe  refractometer  calibrated  for  the 
D-lihes  (589.3  nm)  from  data  for  pure  water  of  Tiiton  and  Taylor  and  for  seawater  of  Utterback,  et  al. 
These  indices  of  refraction  in  sir  were  referred  to  vacuum  (by  multiplication  with  1.00029)  and  are  shown 
in  Table  4*3  as  taken  directly  from  Stanley  (1971).  They  cover  the  pressure  range  0 to  1406  kg/cm2  at 
seven  temperatures.  The  same  author,  however,  also  measured  the  change  in  index  with  pressure  at  three 
additional  wavelengths  (457.9,  488.0,  and  514.5  nm),  but  was  unable  to  obtain  the  corresponding  values 
of  n0  at  atmospheric  pressure,  upon  which  to  base  a determination  of  the  absolute  indices.  These  mea- 
surements are  in  the  form  of  fringe  counts  Am  over  the  same  pressure  range  but,  unfortunately,  only  at 
three  temperatures  (0.03,  15.02,  and  29.98°C)  and  are  presented  In  Table  4-4.  The  coefficients  A/2t0  and 
At/t0  necessary  for  applying  the  above  formula  for  An  (Eq.  4-3)  are  also  provided,  together  with  Table 
4-4,  where  the  multiple  entries  represent  replicate  measurements. 


Tables  4-3  and  4-4  have  been  reproduced  here  in  their  complete  form  for  comparison  with  the  atmos- 
pheric pressure  values  of  the  M-G  measurements,  at  the  two  wavelengths  where  this  is  possible.  Using 
the  M-G  data  and  our  interpolation  routine  (see  Appendix  B),  we  have  obtained  indox  of  refraction  values 
at  these  wavelengths  and  at  the  corresponding  temperatures,  for  35® /00  salinity.  A comparison  is  shown 
below,  where  the  Stanley  data  have  been  divided  by  1 .00029,  to  be  re-expressed  with  respect  to  8ir. 


A = 501 .7  cm 


A » 632.8  nm 


• 

0.03°  C 

6.03? C 

10.03°  C 

15.02°C 

20.00°C 

24.99°  C 

29.98°  C 

Stanley 

1.34443 

1.34418 

1.34373 

1 .34340 

'1.34288 

1.34233 

1.34176 

Mehu  et  •/. 

1.34433 

1.34411 

1.34377 

: 1.34335 

1.34286 

1-34232 

1 

An  x 10s 

10 

L. 

—4 

5 

2 

1 

5 

Stanley 

1.33970 

1.33938 

1.338S6 

1.33850 

1.33811 

1.33756 

1.33698 

Mehu  *t  m!. 

1.33967 

1 .33934 

1.33902 

1.33859 

1.33810 

1.33760 

1.33696 

Anx  10? 

19 

4 

-6 

1 

1 

0 

2 
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Tablfe  4-3.  Absolute  index  of  refraction,  with  respect  to  vacuum,  taken  from  the  original  (Stanley.  1971}. 
With  permission  of  Pergamon  Press. 


Abs&ete  rifrssHvc  Index  cf  35-00%.  sesveter  ex  a fxsctlss  ef  tsteperaUtre,  pressure  and 

mmlagth. 


Press*.* 

O03*C 

5-03‘C 

Temperature 
1003*5  15-02‘C 

2000*C 

2499 *C 

29-98'C 

632*  AotUromt 

Atmowheric 
3521c tlatP 

1-34015 

1-33977 

1-33935 

1-33*99 

1-33*50 

1-33795 

1-33737 

1-34539 

1-344*7 

1-34431 

1-343*7 

1-34329 

1-34270 

1-34209 

1-34539 

1-344*6 

1-34431 

1-34389 

1-34333 

1-34271 

1-34205 

1-34206 

703  kf/cm* 

1-35025 

1-34962 

1-34*96 

1-34*44 

1-34779 

1-34713 

1-34649 

1-35025 

1-34963 

1-34*97 

1-34*45 

1-34781 

1-34713 

1-34646 

1055  kf/cm* 

1-354*2 

1-35403 

1-35329 

1-35267 

1-35200 

1-35129 

1-35060 

1-354*0 

1-35404 

1-35332 

1-35272 

1-35267 

1-35200 

1-35130 

1-35057 

1406  kf/cm* 

~ 

1-35*13 

1-35743 

1-35666 

1-35591 

1-35517 

1-35446 

— 

1-35*15 

1-3573* 

1-35672 

1-35593 

1-35522 

1-35441 

— 

1-35733 

1-35666 

1-35444. 

5017  Anotroms 

Atmowhtric 
352  ki/cm* 

1-344*2 

1-34455 

1-34422 

1-34379 

1-34327 

1-34272 

1-34215 

1-3500* 

1-34969 

i -34924 

1-34*73 

1-34*12 

1-34759 

1-34694 

1-25008 

1-34969 

1-34925 

1-34*73 

1-34*14 

1-34754 

1-34693 

1-34757 

1-34695 

703  kf/cm* 

1-35507 

1-35450 

1-35394 

1-35333 

1-35269 

1-35207 

1-35136. 

1-35507 

1-35449 

1-35393 

1-35332 

1-3526* 

1-35207 

1-3513* 

1-35211 

1-35138 

1055  kf/cm* 

1-35953 

1-35891 

1-35*35 

1-35763 

1-35695 

1-35631 

1-35560 

1-35952 

1-35*92 

1-35*32 

1-35765 

1-35696 

1-35633 

1-35561 

1-35953 

1-35632 

1-35561 

1406  kf/cm* 

— 

1-36315 

1-36241 

1-36165 

1-36094 

1-36019 

1-35945 

— 

1-36312 

1-36240 

1-36165 

1-36096 

1-3601* 

1-35946 

Interferometer  fringe  counts,  representing  the  index  of  refraction,  as  a function  of  pressure 
and  temperature,  taken  from  the  original  (Stanley,  1971).  With  permission  of  Pergamon  Press 


Number  of  /rimes  courted,  dm,  for  3500%  seamier  as  a function  of  temperature,  pressure 
and  mrelenglh. 


Pressure 

4579 

Wavelength  (AnfJtroms) 
4*80  5017 

5145 

632* 

Temperature, 

093’C 

352  kf/cm* 

67-1 

604 

58-8 

47-7 

67-1 

62-5 

604 

59-1 

47-7 

703  kt/cm'1 

129-3 

1204 

117-6 

1136 

91-7 

129-1 

1203 

117-5 

114-2 

1140 

91-8 

1055  kf/cm* 

1*6-2 

173* 

168-5 

164-4 

133-1 

185-4 

173-9  168-4 

163-5 

Temperature,  15-02‘C 

164-5 

132-9 

352  kf/cm* 

62-6 

58-1 

56-5 

548 

44-3 

63-0 

58-5 

56-5 

55-3 

55-2 

44-5 

703  kf/cm* 

120-5 

1130 

109-2 

106-4 

*5-7 

1209 

1I2<> 

1130 

109-1 

106-8 

85-8 

1055  kf/cm* 

1750 

1634 

158-2 

154-2 

1239 

175-2 

163-5 

158-4 

154-7 

124-4 

1406  kf/cm* 

225-2 

211-1 

204-1 

1992 

123-8 

159-8 

2260 

221-2  2040 

204-1 

Temneralur#  7CQC-C 

199-3 

1603 

159-8 

352  kf/cm* 

59-8 

56-1 

54-7 

53-7 

42-? 

602 

600 

56-2 

54-8 

54-9 

53-4 

42't 

42-5 

70)  kf/cm* 

116-3 

108-5 

106-6 

J02-7 

82-6 

116-6 

1090 

105-5 

105-5 

103-2 

82-6 

1055  kt/cm* 

169-7 

157-5 

1*3-6 

149-4 

119-7 

169-4 

1580 

153-7 

153-7 

149-5 

119-4 

1406  kf/cm* 

217-6 

2040 

197-3 

1930 

154-5 

NOTE:  The  values  of  A/2t 
and  dt/t  apply  to  Equation  4-3 
for  computing  the  rise  in  index 
of  refraction  from  atmospheric 
to  some  higher  pressure- 


A/2/-00001C71  for  6128  A 
-00000*70  for  5145  A 
-0000064*  for  5017  A 
-00000*25  for  4**0  A 
-00000774  for  4579  A 
dt/t-0  for  itmoiphcncprcMure 

- *~vvw*v7#jv»  jjtu  ayuu 

- - 000020*3  for  703  kf/cm* 

- -00003125  for  1055  kf/cm* 

- -00004166  for  1406  kf/cm* 


7he  above  comparison  indicates  that  the  values  agree  fairly  well-si  ail  temperatures,  except  0.03°C 
where  the  difference  exceeds  the  authors'  combined  specified-errors;  i.e.,  3x10"s  for  M-G,  and  ± 6 x 10“s 
for  Stanley.  The  negative  sign  at  10.03°C  is  noteworthy. 

It  became  necessary,  therefore,  to  take  some  corrective  measures  if  our  complete  tables  of  the  index 
of  refraction  were  to  be  internally  consistent. 

Taking  into  consideration  that  the  M-G  data  shown  in  Figure  4-3  agree  well  with  Utterback,  eta!., 
at  350/oo,0°C  and  589;3  nm  and  are  consistent  at  the  other  wavelengths  as  well  (the  comparison  will  be 
presented: in  Section  5),  we  have  taken  exception  to  Stanley's  absolute  values  of  n0  and  place  our  trust 
with  Mehu  and  Johannin-Gilles.  We  thus  choose  to  ignore  Stanley's  computed  absolute  indices  of  refraction 
shown  in  Table  4-3  and  use  instead  his  original  data  given  in  Table  4-4  in  combination  withthe  M*G  data 
at  atmospheric  pressure,  which  can  also  be  applied  to  the  other  three  wavelengths.  This  led  to  greater 
consistency  in  the  data. 

In  short,  we  decided  to  use,  at.  atmospheric  pressure,  the  index  of  refraction  n0  derived  from 
the  M-G  data  and  to  employ  Stanley's  equation  for  An  (above)  and  his  mean  fringe  counts  from  Table  4-4 
to  derive  new  values  of  the  index  of  refraction.  Following  this  we  computed  the  new  index  of  refraction 
(relative  to  air)  for  the  five  wavelengths,  three  temperatures  and  five  pressures  in  the  same  way.  as  done 
by  Stanley  to  construct  Table  4-3  with  the  intention  of  developing  complete  tables  of  the  index  of  refrac- 
tion of  350/*,  Copenhagen  Standard  Seawater  for  a range  of  temperatures,  wavelengths,  and  pressures.  A 
representative  example  is  shown  in  Figure  4-4  for  one  of  Stanley's  wavelengths,  interpolated  using  our 
technique.  The  behavior  of  the  index  of  refraction  curves  appears  quite  smooth  as  far  as  can  be  judged 
from  this  plot.  Unfortunately,  when  the  same  data  were  subsequently  examined  against  wavelength,  it  was 
found  that  they  presented  some  inconsistencies  in  their  functional  behavior  which,  in  our  opinion,  derive 
from  experimental  errors  and  not  from  tho  actual  physical  behavior  of  water.  They  are  shown  in  Figure  4-5 
in  the  fqrm  of  the  difference  An  of  the  index  at  high  pressures  from  that  at  atmospheric  pressure.  The 
latter  have  been  taken  from  the  M-G  data,  as  mentioned  above,  and  can  be  seen  in  Figure  4-3a,  These  in- 
consistencies of  the  wavelength  dependence  led  to  a reconsideration  of  Stanley's  data  and  to  an  attempt  to 
extract  from  his  measurements  the  most  likely  physical  behavior  of  the  index  of  refraction  of  seawater. 
The  following  subsection  describes  in  detail  the  procedure  followed  to  improve  on  the  dependence  of  the 
index  on  wavelength  at  the  same  pressures  and  temperatures  as  given  by  Stanley  and  to  obtain  a set  of 
smoothly  varying  index  values. 


SPECIAL  CONSIDERATION  OF  STANLEY'S  HIGH-PRESSURE  DATA  VERSUS  WAVELENGTH 

•The 'prsnsry-sssuf'Su «1T«*y's  fringe-uniht  data  was  to  obtain  a ''smooth*'  variation  of  the  index  func- 
tion with  the  three  parameters  - wavelength,  pressure,  and  temperature.  The  condition  of  "smoothness" 
was  translated  mathematically  to  mean  the  continuit)  and  monotonicity  of  the  function  and  its  derivatives. 
We  note  in  support  of  our  smoothness  assumption  that  Waxier,  Weir  and  Schamp  (1964)  found  this  behavior 
in  their  study  of  the  index  of  pure  water  at  high  pressures  (See  Section  4.4  below). 
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Fig.  4-4 

The  dependence  of  Index  of  refraction  on 

pressure  and  temperature. 

(a)  The  index  as  a function  of  pressure,  with 
temperature  os  the  parameter  at  2°C 
intervals. 

(b)  The  index  as  a function  of  temperature, 
with  pressure  as  the  parameter  every 
100  kg/cm2. 

(c)  Temperature-pressure  diagram  with  iso- 
ilnes  of  index  of  refraction. 


5 11  IS  23  25  X 

TEHPERATURE  ,°c 


4-12 


- . ' ' ' H 

r A -W  n , . < * * . - 


Initially,  mean  valises  for  the  number  of  fringes  in  Table  4-4  were  obtained  (there  are  from  one  to  four 
readings  for  each  data  point)  and  by  using  equation  (4.3)  for  An  (and  the  A/2t0  and  dt/t0  values  - 
also  in  Table  4-4),  the  change  of  index  of  refraction  with  pressure  at  each  of  the  three  temperatures  0.03, 
15.02,  29.90? C was-.computed,  as  shown  in  the  first  five  columns  of  Table  ts  below.  We  have  omitted  the 
pressure  1406  kg/cm2  since  no  values  are  given  at  0.03°C  and  this,  pressure  is,  moreover,  beyond  the 
oceanographic,  range.  From  preliminary  considerations,  it  was  found  that  the  data  for  501.7  nm.contained 
much  largerrandom  errors  than  were  found  at  the  other  wavelengths;  thus  it  was  decided  to  exclude  this 
wavelength  from  the  analysis  so  as  not  to  weight  the  final  result  disproportionately.  Tnis  wavelength  is, 
however,  included  in  Table  4-5  for  comparison.  It  should  be  noted  that  there  is  a small,  but  moreor  less 
regular,  decrease  of  about  20x  10-5  in  An  with  increasing  wavelength  which,  however,  is  not  quite  mono- 
tonic (see  Figire  4-5).  This  wavelength  dependence  is  over  and  above  that  shown  in  Figure  4-3a  and  is  a 
result  of  the  effect  of  the  increase  in  pressure  on  the  index  of  refraction. 

In  order  to  introduce  monotonicity  with  wavelength,  the  data  were  analyzed  as  described  below. 


The  particular  method  used  tc  systematize  the  data  was  adopted  through  the  gradual  development  of 
our  procedure.  To  judge  the  smoothness  of  the  data,  the  behavior  of  the  pressure  derivative  dn/dp  was 
first  examined  for  all  wavelengths  at  each  temperature,  which  necessitated  an  interpolation  to  obtain  a 
closer  spacing  of  pressures.  These  derivatives  indicated  a general  drop  with  pressure  but  were  somewhat 
erratic  around  a linear  trend.. Noting  that  there  appeared  only  a small  wavelength  dependence,  we  combined 
all  wavelengths  to  obtain  linear  least  squares  fits  of  An  versus  d(An)/dp  at  each  of  the  three  temper- 
atures. By  integrating  these  linear  gradients,  we  recovered  the  index  of  refraction  dependence  on  pressure, 
at  each  of  the  three  temperatires,  as  shown  in  Column  6,  Table  4-5.  This  result  was  applicable  to  a 
"mean"  wavelength  of  about  530  nm  (see  later)  and  differs  from  any  one  of  the  first  five  columns  by  only 
20  x 1(T 5 at  most.  Figure  4-5  shows  a plot  of  these  values  where  the  horizontal  lines  are  for  the  "mean” 
wavelength  530  nm  (Column  6),  and  the  circled  points  show  the  index  increment  computed  from  the  original 
Stanley  fringe  counts  (Columns  1 through  5).  The  departures  of  Column  6 from  Columns  1 through  5,  there- 
fore, contain  the  residual  wavelength  dependence  due  to  the  rise  in  pressure  and  are  numerically  given  in 
Columns  1 through  4 of  Table  4-6  (excluding  501.7  nm  which  showed  greater  discrepancies).  The  small 
distance  of  the  points  from  the  lines  in  Figure  4-5  is  exactly  this  residual  wavelength  dependence.  We 
have  treated  this  wavelength  dependence  separately,  as  described  in  the  following  paragraph. 

Plotting  the  values  for  each  temperature  and  pressure  against  wavelength  (Figure  4-6)  it  can  be  seen 
that  they  do  demonstrate  trends  that  are  not,  however,  monotonic  in  all  cases.  Using  the  method  of  least 
squares,  straight  lines  were  fitted  which  exhibited  quite  satisfactory  behavior  with  wavelength,  shown  as 
dashed  lines  in  the  figure.  The  difference  exhibited  among  the  linear  fits  at  the  three  temperatures  did  not 
appear,  to.be  siguificant.  w«  .therefor?.,  combined-the  three -temperatures  to  obtain  cco  sir'gic  plct  cf  this 
type,  shown  as  Figure  4-7,  with  the  numerical  values  shown  in  Columns  5 through  8.of  Table  4-6.  In  per- 
forming the  fits,  there  was  a remanent  residual  error  which  we  have  ignored,  since  it  is  well  within 
Stanley's  ±6x  1(H  accuracy.  However,  it  is  shown  in  the  last  four  columns  of  Table  4-7  for  reference 
purposes.  Higher-order  polynomial  fits  tried  at  all  steps  in  this  procedure  did  not  appear  to  provide  any 
decided  advantages  and  lave  thus  been  ignored  in  favor  of  simplicity. 


Tabic  4-8.  The  increase  in  index  of  refraction  {An  x 105)  produced  by  the  rise  In  pressure.  The  final 
column  reprosents  an  "average-wavelength"  behavior  obtained  using  least  squares  fits. 


9 Fit  vs. 

Computed  Stanley  Data 
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H 
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1476.1 
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1472.5 
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1466.1 

528.1 

1018.7 

1474.5 


„ 3S2  499.9 

15  02  703  9 62.1 

1056  1 3 9 7.1 


494.9 
959.6 
1390. V 

493.0 

953.4 

1384.2 

0.0 

477.1 

925.4 

1343.2 

0.0 
478. 6 
925.4 
1344.8 

489.2  9 494.0 

946.0  I 955-0 

1370.0  * 1385.6 


Table  4-8.  The  residual  wavelongth  dependence  {A  (An)  x 105)  of  the  index  of  refraction  due  to  rise  in 
pressure,  and  the  seme  systematized  to  apply  at  all  temperatures. 


Dittaranca  of  fit  at  530  nn  (ran 
computed  Stanley  data 
A(An) x 10* 


Fit  combining  all  temperatures 
A (An)  x 10* 


Table  4-7.  Comparison  of  index  data  (An  x 10s)  computed  from  Stanley's  fringe  counts  with  tho  system- 
atized values  adopted  to  construct  the  index  of  refraction  tables.  Also  shown  are  the  residual 
differences  that  remain  unaccounted. 


Computed  Stanley  dais.  An  x 10* 


Present  study  to  x 10* 


Residual  difftrencas  of  An  x yd* 


*c  |k*/c",|  467.9 wn  I 448.0 nm  I 514.5  nm  | 632.8  nm  I 457.9rm  4M.C nm  514.5 r»n  I 632.8 nm  467.9 nm  488.0 nm  | 514.5 nn  j 632.8 nm 


0 0.C  0.0  0.0  0.0  0.0  0.0  0.0  0 

Aft,  362  533.2  529.1  526.7  524.7  531.6  530.1  528.8  523.1 

703  1027.9  1020.7  1019.0  1010.4  1025.5  1022i7  1020.3  1009.4 

1066  1483.8  1476.1  1472.5  14*6.1  1483.6  1479.4  1475.8  1459.6 


499.9  494.9  493.2  489.2  4 

962.1  959.6  955.2  946.0  9 

1397.1  1370.3  1385.5  1370.0  13 


0 
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1065  I 1354.1 
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928.7 

1349.3 


494.7  489.0 
956.5  945.7 
i:>6.9  1370.7 


478.0 
925.9 
1345.2  I 1341.5 


471.0  | -1.1 
912.6 
1325.4 


500 


WAVELENGTH,  mi 


NOTE:  The  data  are  taken  from  Table  4-5.  The  circled  points  are  for  the  five  wavelengths,  while  the  hori- 
zontal lines  represent  the  values  in  Column  6. 

Fig.  4-5.  The  increase  in  index  of  refraction,  due  to  elevated  pressure,  over  the  corresponding  values  at 
atmospheric  pressuro.  The  slight  non-monotonicity  of  Stanley's  data  is  evident. 


WAVELENGTH  ,nm 

NOTE:  This  figure  combines  the  three  cases  in  Figure  4-6.  Numerical  values  are  given  in  the  last  4 
columns  of  Table  4-6.  The  plot  demonstrates  that  no  wavelength  correction  is  necessary  at  530  nm. 

Fig.  4-7.  Systematized  behavior  of  the  residual  wavelength  dependence  of  the  index  of  refraction,  pro- 
duced by  the  rise  in  pressure,  applicable  at  all  temperatures. 


As  a result  of  the  above  work,  we  have  constructed  a new  set  of  data  to  replace  Stanley's,  with  the 
advantage  of  "smooth”  functional  behavior  and  with  residual  errors  that  are  within  his  ±6  x 10" 5 accu- 
racy. this  new  data  set  is  presented,  adjacent  to  the  corresponding  Stanley  data,  as  the  center  panel  of 
Table  4-7.  It  contains  the  maximum  information  yielded  by  Stanley's  original  data  and  forms  the  basis  of 
our  smoothly-behaved  interpolated  and  extrapolated  index  values  at  high  pressures  which  are  presented 
in  Tables  A-S{a)  and  A-5(b)  of  Appendix  A.  The  linear  least  squares  fit  technique  used  in  generating  the 
new  data  set  has  the  additional  advantage  of  permitting  linear  extrapolation  beyond  the  range  of  457  to 
632  nm  to  obtain  the  index  of  refraction  values  at  other  wavelengths  with  the  same  accuracy  as  that  of 
the  interpolated  data. 

Tables  A-5(a),(b)  in  Appendix  A were  obtained  using  the  same  interpolation  routine  (described  in 
Appendix  B).  Table  A-5(a)  is  exact  for  the  wavelength  of  530  nm  (see  Figure  4-7),  and  only  approximate 
for  the  other  wavelengths,  while  Table  A-5(b)  provides  corrections  for  the  other  wavelengths.  Both  are 
sequentially  additive  to  Tables  A-1  through  A-4  of  Appendix  A to  provide  the  temperature  and  wavelength 
dependence  of  the  indey  of  refraction,  with  respect  to  air,  of  35%0  Copenhagen  Standard  Seawater  at 
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higher-than-atmospheric  pressures.  In  order  to  provide  the  reader  with  a feeling  of  the  actual  values  of  the 
index  of  refraction  of  seawater  at  higher-than-atmospheric  pressure,  we  have  compiled  Table  4-8  in  which 
the  value  at  atmospheric  pressure  has  been  taken  from  our  tables,  and  the  values  at  higher  pressures  are 
obtained  by  adding  the  central  panel  of  Table  4-7. 

Unfortunately  no  comparison  with  other  results  can  be  made  since  no  other  measurements  for  high 
pressures  exist.  Because  our  residual  errors  (Table  4-7)  are  below  Stanley's  stated  accuracy,  we  feel  con- 
fident that  our  Table  A-5(a)  and  A-5(b)  are  at  least  as  accurate  as  his  ±6x10~s  uncertainty. 

In  order  to  extend  these  high-pressure  data  to  other  salinities,  and  permit  the  computation  of  the 
index  of  refraction  of  any  seawater  sample,  we  have  considered  some  additional  data  as  described  in  the 
following  subsection. 


Table  4-8. 


The  Index  of  refraction,  as  a function  of  wavelength,  pressure,  and  temperature,  obtained  by 
combining  data  at  atmospheric  prendre  with  data  representing  index  increments  due  to  pres- 
sure. Salinity  is  35%,. 


P 

kg/cmJ 

<57.9  nm 

488.0  nm 

514.5  nm 

632.8  nm 

0 

1.34681 

1.34504 

1.34372 

1.33957 

0.03 

352 

1.35214 

1.35034 

1.34901 

1.34480 

703 

1.35708 

1.35527 

1.35392 

1.34966 

1055 

1.36164 

1.35984 

1.35848 

1.35416 

0 

1.34582 

1.34407 

1.34273 

1.33859 

15.02 

352 

1.35082 

1.34903 

1.34768 

1.34348 

703 

1.35544 

1.35366 

1.35230 

1.34805 

1055 

1.35979 

1.35797 

1.35660 

1.35230 

0 

1.34417 

1.34240 

1.34110 

1.33695 

29.98 

352 

1.34896 

1.34719 

1.34587 

1.34167 

703 

1.35346 

1.35167 

1.35034 

1.34606 

1055 

1.35771 

1.35586 

1.35452 

1.35021 

4.4  EXTENSION  OF  THE  HIGH  PRESSURE  INDEX  TO  OTHER  SALINITIES 

The  precoding  analysis  has  provided  a measure  of  the  index  of  refraction  dependence  on  temperature, 
salinity  and  wavelength  at  atmospheric  pressure  only  (Subsection  4.2)  and  of  its  dependence  on  temper- 
ature and  wavelength  at  higher  pressures,  but  only  at  3b5j(u  salinity  (S— section  4.3). 

In  order  to  extend  this  latter  dependence  to  other  salinities,  we  have  had  to  assume  that  the  depen- 
dence on  salinity  at  high  pressures  is  linear,  a hypothesis  which  we  already  employed  for  the  atmospheric 
pressure  data.  By  linear  interpolation,  we  may  take  pure  water  data  at  higher  pressures  along  with  the 
35%,  high  pressure  data  of  Subsection  4.3  and  obtain  the  index  at  any  desired  salinity  under  pressure. 
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We  are  aware  of  only  three  studies  in  which  measurements  of  the  index  of  refraction  of  pure  water 
have  been  made  at  high  pressures.  Two  of  these  studies,  Rosen-(1947)  and  Stanley  (1970},  have, presented 
cnly  limited  coverage  of  temperature  and  wavelength,  respectively,  and  cannot  serve  as  a basis  for  ex- 
tended tables.  The  third  study,  Waxier,  Weir  and  Schamp  (1984),  has  by  far  the  best  coverage  of  tempera- 
ture, wavelength  and  pressure,  and  is  the  only  one  that  will  concern. us  here. 

The  ranges  of  the  parameters  are  quite  adequate  for  our  purpose;  namely,  8 wavelengths,  5 tempera- 
tures and  5 pressures,  covering  467.8  to  667.8  nm,  1.56  to  54.34°C,  and  1 to  1127  bars  (absolute),  respec- 
tively. The  two  difficulties  that  appeared  were  that  the  pressures  at  which  measurements  were  made  are 
different  for  the  different  temperatures  and  that  the  values  of  the  index  of  refraction  are  absolute.  A repro- 
duction of  the  original  data  is  shown  as  Tabl6  4-9.  !R=order  to  use  the  date,  it  became  necessary  to  pre- 
process  them  as  follows.  First  the  pressure  in  bers  (absolute)  was  converted  to  kg/cm2  (gage)  using 
the  relationship 

p(kg/cm2,  gage)  = [ p (bars  abs.)  - 1]  x 1.019716  . 


Table  4-9.  Original  data  of  the  index  of  refraction  of  pure  water  as  a function  of  pressure,  temperature, 
and  wavelength;  from  Waxlor,  Weir  and  Schamp  (t 964).  Pressure  in  bars  (absolute)  and  wave- 
length in  Angstroms. 


Temperature 


^^Wavelength 
Pre«ure\.  A 
bars 


1.33220 

1.33635 

1.33983 

1.34350 

1.34721 

1.33204 

1.33586 

1.33940 

1.34267 

1.34698 

1.33077 

1.33438 

1.33714 

1.34106 

1.34521 

1.32963 
1.33319 
1.33814 
t sarin? 
1.34367 

1.32655 

1.32985 

1.33307 

1.33687 

1.34053 


6438.4SS6 


1.33279 

1.33697 

1.34047 

1.34415 

1.34785 

1.33263 

1.33645 

1.34002 

1.34324 

1.34764 

1.33138 

1,33490 

1.33780 

1.34163 

1.34581 

1.33020 

1.33375 

1.33579 

1 *3,  Acn 

1.34429 

1.32712 

1.33043 

1.33361 

1.33725 

1.34116 


1.33438 

1.33857 

1.34212 

1.34579 

1.34947 

1.33422 

1.33804 

1.34160 

1.34494 

1.34928 

1.33293 

1.33653 

1.33943 

1.34322 

1.34748 

1.33177 

1.33531 

3.33832 


5085.82 

5015.675 

4921.929 

4799.92 

4678.16 

1.33739 

1.33772 

1.33832 

1.33882 

1.33951 

1.34161 

1.34197 

1.34254 

1.34305 

1.34374 

1.34517 

1.34552 

1.34615 

1.34663 

1.34734 

1.34887 

1.34923 

1.34985 

1.35034 

1.35106 

1.35255 

1.35296 

1.35359 

1.35408 

1.35479 

1.33724 

1.33757 

1.33803 

1.33867 

1.33935 

1.34108 

1.34139 

1.34186 

1.34252 

1.34325 

1.34466 

1.34502 

1.34544 

1.34614 

1.34688 

1.34801 

1.34828 

1.34877 

1.34S44 

1.35073 

1.35243 

1.35273 

1.35318 

1.35391 

1.35462 

1.33591 

1.33624 

1.33670 

1.33734 

1.33802 

1.33953 

1.33987 

1.34030 

1.34096 

1.34167 

1.34240 

1.34278 

1.34324 

1.34389 

1.34458 

1.34830 

1.34660 

1.34710 

1.34778 

1.34846 

1.35053 

1.35085 

1.35133 

1.35201 

1.35271 

1.33474 

1.33506 

1.33552 

1.33615 

1.33683 

1.33830 

1.33865 

1.33908 

1.33974 

1.34043 

1.34132 

1.34163 

1.34213 

1.34274 

1.34344 

1 .44567 

1.34613 

1.34876 

1.34747 

1.34897 

1.34928 

1.34974 

1.35042 

1.35116 

1.33159 

1.33191 

1.33236 

1.33299 

1.33366 

1.33490 

1.33523 

1.33567 

1.33633 

1.33698 

1.33813 

1.33849 

1 .33393 

1.33960 

1.34028 

1.34184 

1.34216 

i .34258 

1.34327 

1.34396 

1.34577 

1.34609 

1.34656 

1.34718 

1.34791 
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It  then  became  necessary  to  express  all  the  data  at  the  same  values  of  pressure  for  all  temperatures. 
This  was  accomplished  using  the  interpolation  technique  of  Appendix  B,  and  the  pressures  were  chosen 
to  be  close  to  the  original,  namely,  0,  250,  500,  750,  1100  kg/cm2.  Having  expressed  alt  the  data  on  the 
same  .basis,  we  next  converted  the  index  data  from  absolute  to  relative-to-air  by  dividing  with  1.000282. 
This  factor  was  obtained  by  dividing  the  atmospheric  pressure  data  with  those  of  Tilton  and  Taylor  (1938), 
since  the  authors  did  not  explicitly  state  how  they  arrived  at  the  absolute  index.  It  may  be  recalled  that 
Stanley  (1971)  used  the  factor  1.00029  for  this  purpose. 

Since  tha  final  presentation  was  decided  to  be  in  the  form  of  tables  of  index  increments  at  higher 
pressures  over  the  atmospheric  pressure  values  (as  also  done  in  Subsection  4.3),  we  subtracted  the  at- 
mospheric pressure  values  to  obtain  only  increments.  An,  with  pressure,  temperature  and  wavelength,  as 
shown  in  Table  4-10  where  the  upper  panei  for  P = 0 represents  the  actual  index  of  refraction  values  (with 
respect  to  air),  and  the  lower  panel  provides  the  increments  of  index.  An,  with  increasing  pressure  for 
P=  25C,  500,  750,  1100  kg/cm2.  We  subsequently  proceeded  to  separate  the  ejects  of  wavelength  and 
temperature  in  order  to  permit  a more  concise  final  presentation. 


The  first  step  in-this  latter  procedure  was  to  average  the  An  increments  over  all  8 wavelengths, 
as  shown  in  the  right  hand  column  of  Table  4-10,  then  subtract  these  averages  from  the  table  itself  to 
obtain  a table  of  "first  order"  residuals.  These  residuals  were  subsequently  averaged  over  temperature. 
Table  4-1  la,  and  these  averages  were  fitted  versus  wavelength  using  linear  least  squares.  Table  4-1 1b. 
Thus  we  managed  to  separate  the  data  into  a pressure-temperature  component  (last  column.  Table  4-10) 
and  into  a pressure-wavelength  component  (Table  4-11b),  in  exactly  the  same  way  that  the  Stanley  data 
were  presented  in  Subsection  4.3.  In  order  to  check  this  relatively  simple  procedure,  which  was  dictated 
by  our  previous  experience  with  the  Stanley  data,  we  used  these  results  to  reconstruct  the  index  incre- 
ments, as  given  in  Table  4-12  and  compare  with  Table  4-10.  The  difference  of  the  two.  presented  in  Table 
4-13,  obviously  shows  that  the  unaccounted-for  residuals  are  quite  small  and  in  almost  all  cases  are 
smaller  than  5 units  in  the  fifth  decimal  place.  This  compares  very  favorably  with  the  authors'  statement 
that  "the  standard  deviation  of  the  index  values  is  0.00005  which  corresponds  to  a limit  of  reproducibility 
of  ±0.0001,"  and  also  has  the  advantage  of  smooth  and  monotcnic  behavior  of  the  function  and  its  first 
derivative,  i.e.,  it  is  quite  free  of  the  random  fluctuations  in  the  fifth  decimal  place  due  to  observational 
errors. 


During  the  above  procedure  it  was  found  necessary  to  modify  two  data  values  of  the  index  of  refrac- 
tion, the  first  of  which  was  in  disagreement  with  Tilton  and  Taylor  (1938)  and  the  second  modification 
was  indicated  by  the  general  trend  of  the  rest  of  the  data.  These  values  are:  at  P=  0,  \=  492.2  nm, 
T = 1.56°C  changed  from  1.33832  to  1.33818  and  the  second  at  P=  750  kg/cm2,  k=  467.8  nm,  T=  7.64°C 
changed  from  1.35082  to  1.35002. 


The  results  of  the  high  pressure  behavior  of  the  index  of  refraction  of  pure  water,  shown  as  a func- 
tion of  temperature  in  the  last  column  of  Table  4-10  and  as  a function  of  wavelength  in  Table  4-1 1(b)  were 
interpolated  (and  extrapolated  over  wavelength)  using  the  technique  in  Appendix  B,  to  generate  the  ex- 
tended Tables  A-6(a),(b)  given  in  Appendix  A.  The  form  of  these-tables  is  similar  to  that  of  Tables  A-5(a), 
(b),  i.e.,  they  are  incremental  to  the  atmospheric  pressure  values  given  in  Tables  A-1  through  A-4. 
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Tabl*  4-10.  The  pure  - we  tec  -index  of  refraction  at  atmospheric  pressure;  together  with  the  Index  Incrementspro- 
duced  by  rising  pressure. 


p 

T 

•c 

447.1 

M 

410.0 

rm 

492.2 
n t% 

501.4 

no 

508.6 

** 

537.6 

m 

44).t 

Ml 

667.6 

m 

P«  0.0 

1.54 
7.44 
24.M 
54.53 
54. J4 

1.3013 

1.33177 

1.33744 

1.33445 

1.33321 

1.33844 

1.33629 

1.33496 

1.33577 

1.33261 

U33710 

1.33765 

1.33632 

1.33516 

1.33191 

1.33734 

1.33729 

1.33514 

1.33448 

1.33153 

1.33701 

1.33686 

1.33553 

1.33436 

1.33121 

1.33400 

1.33384 

1.33255 

1.33140 

1.32128 

1.33241 
1.33225 
l .33099 
1.32982 
1.32675 

1.33182 

t.37167 

1.33039 

1.32926 

1.32618 

P-  250.0 

1.51 

7.44 

24.10 

5*4.50 

54.34 

314.5 

374.4 

345.1 

341.7 

336.3 

314.7 

36C.0 

343.0 

340.1 
340.0 

317.9 

347.9 

341.1 

337.1 

337.2 

388.9 

367.2 

343.9 

340.9 

338.3 

325.9 

369.2 

342.0 
337.8 

337.0 

363.1 
36**1 

341.1 
335.9 

332.2 

382.7 
367.2 
344.1 
334.9 

336.7 

379.3 

367.0 
34?.3 

334.0 
335.9 

315.1 

364.7 
343.0 

334.7 
336.9 

Pm  500.0 

U56 

7.44 

24.60 

34.50 

54.34 

751.1 

743.2 

614.3 
674.5 
664.0 

751.9 

737.1 

693.1 
672.5 

662.9 

755.8 
731.2 
&V1.7 
475.0 

451.9 

754.2 

731.1 

691.5 

670.5 
660.0 

734.1 

732.2 
487.1 
671.6 
655.9 

759.4 
728.1 

694.9 

664.5 

653.9 

744.6 

729.4 

680.8 

672.8 

650.8 

745.6 

726.3 

673.8 
644,0 

653.9 

752.8 

732.9 
6x7.4 
671.3 
657.1. 

pm  750.0 

1.54 

7.44 

24.1C 

34.50 

54.34 

1110.4 

1075.1 

1010.1 
1B6.1 
971.0 

1107.3 

1014.*j 

1010.7 

914.0 

969.1 

1104.7 

1011.4 

1007.0 

985.1 

963.2 

1106.3 

1078.5 

1003.0 

913.5 

966.1 

1103.4 
1084.7 

1005.5 
983.7 
944.9 

1097.1 

1079.4 

996.2 

975.6 

956.* 

1091.8 

1068.4 

994.1 

975.1 
953.9 

1086.5 

1070.5 
994.9 
964.4 
954.2 

llOl.i' 

1077.'# 

1002.18 

910.!* 

962.9 

P-1100,0 

1.36 

7.44 

74.C0 

J4.50 

*4.3* 

1565.4 
1515-0 
1434.1 
1397.7 

1371.4 

1543.1 

1512.7 

1432.3 

1392.3 
1345.9 

1562.5 
1503.9 
1428.3 

1387.6 
1365.5 

1561.5 
1504.9 

1425.6 
1386.0 
1344.5 

1552.9 
1509.1 
142^.2 
1369.0 

1364.9 

1544.2 

1495.3 
1419.5 
13  77.4 
1354.9 

1543.5 
1*89.9 

1410.6 
1374.* 

1350.7 

1539.1 

1483.2 

1410.4 

1369.4 

1345.4 

1354.4 
1501.1 

1423.5 
1384*5 
1360,  .4 

NOTE:  At  p*  0 th*  Indtx  of  refraction  p*r  it  is  shown.  At  higher  pr  assures,  only  ths  incresss  in  tndsx  ovsc  tfwit  of 
atmospheric  pressure  is  given.  (Compare  with  TaWe  4-S)  The  column  on  the  right  reprtcsnts  the  "«vsrtigt" 
dependence  of  the  index  on  temperature  and  pressure,  i.#..  fc-‘  in  "average  eeve length"  which  turner)  out 
to  be  540  nrn.  Vsfuee  in  body  of  table  for  pressures  250  kg/cm1  mod  above  are  A n x 10s. 


Table  4-11.  The  residual  wavelength  dependence  of  the  pure  water  index  of  refraction  due  to  rise  in  pressure  alone. 

The  tetrperature  effect  has  been  removed,  (a)  Shows  the  values  of  the  means  of  the  residuals  obtained 
from  Table  4-10.  (b)  Shows  the  linear  least  squares  fit  on  the  values  of  (a)  at  left.  Compare  to  Table  4-6. 


rtM*ar»  kg'en2 

Pimwi  Ag/em* 

r^~ 

M 

0.0 

250.0 

5CO.O 

750.0 

noo.o 

A 

nrn 

0.0 

250.0 

500.0 

750.0 

1100.0 

467.8 

0.0 

2.9 

6.6 

5.8 

11.9 

467.8 

0.0 

1.5 

4.4 

6.2 

9.3 

480.0 

0.0 

1.6 

4.2 

6.1 

6.5 

/„  \ /k\ 

480.0 

0.0 

1.2 

3.7 

5.2 

7.1 

492.2 

0.0 

-0.1 

2.2 

3.7 

4.7 

\0 ) |D) 

492.2 

0.0 

1.0 

3.0 

4.2 

6.3 

501.6 

0.0 

1.3 

2.3 

2.5 

4.0 

501.6 

0.0 

0.8 

2.5 

3.4 

5.2 

504.6 

0.0 

0.0 

-0.2 

3.9 

3.5 

504.6 

0.0 

0.7 

2.1 

2.9 

4.3 

3*7.6 

0.0 

-2.6 

-2.8 

-3.6 

-6.2 

587.6 

0.0 

-0.9 

-2.6 

-3.6 

-5.4 

643.8 

0.0 

-1.0 

-4.7 

-8.3 

-ll.C 

443.8 

0.0 

-2.C 

-5.9 

-8.2 

-12.3 

667.8 

0.0 

-2.0 

-7.6 

-10.1 

-15.4 

667.8 

0.0 

-2.4 

-7.3 

-10.2 

-15.3 

Table  4-12.  The  computed  smoothly  varying  increments  of  index  over  the  corresponding  values  at  atmospheric  pres- 
sure, as  a function  of  pressure,  temperature,  and  wavelength. 


P 

1 

467.8 

480. Q 

492.2 

501.6 

5C9.6 

587.6 

M3. 8 

667.8 

kg/cm* 

♦c 

Ml 

m 

Ml 

Ml 

IW 

Ma 

m 

rm 

le>6 

386.6 

386.4 

3C6.1 

385.9 

385.8 

384.3 

383.2 

382.7 

7.44 

370.2 

370.0 

369.7 

369.6 

369.4 

367.9 

364.8 

366.3 

fm  250.0 

24.80 

344.3 

344.0 

343.9 

M3. 7 

342.2 

341.1 

340.6 

34.50 

340.2 

340.0 

339.7 

339.6 

3J9.4 

337.9 

336.6 

334.3 

54.34 

318.4 

338.2 

337.9 

337.8 

337.6 

336.1 

335.0 

336.5 

1.56 

757.2 

756.5 

755.8 

755.3 

754.8 

750.2 

744.9 

745.5 

7.64 

737.3 

736.6 

735.8 

735.3 

734.9 

730.3 

727.0 

725.6 

Pm  500.0 

24.80 

691.8 

691.1 

690.4 

689.9 

689.5 

684.8 

681.5 

680.1 

34.50 

675.6 

674.9 

674.2 

673.7 

673.2 

668.6 

645.3 

663.9 

54.3* 

662.0 

661.3 

660.6 

660.0 

659.6 

655.0 

651.7 

650.3 

1.56 

1107.4 

1106.4 

11C5.4 

11C4.7 

1104.1 

1097.6 

1093.0 

1091.0 

7.64 

1014.1 

1083.1 

1082.1 

1081.3 

1010.7 

1074.3 

1049.7 

1067.7 

pm  750.0 

24.80 

1009.0 

1008.0 

1007.0 

1005.2 

1005.6 

999.2 

994.6 

992.6 

*4.50 

986.3 

985.8 

9*4.8 

9*4.0 

983.4 

974.9 

972.3 

970.4 

54.34 

961.8 

967.8 

966.8 

966.0 

965.5 

959.0 

954.4 

952.4 

1.56 

1543.7 

1562.2 

1540.7 

1559.6 

1558.7 

1549.0 

1542.1 

1519.1 

7.64 

1511.0 

1509.5 

1508.0 

1506.8 

1505.9 

1494.2 

1489.3 

14*6.4 

MUOO.O 

24.80 

1432.8 

1431.3 

1429.8 

I4JI.7 

1427.8 

1418.1 

1411.2 

1408.2 

34.50 

1393.8 

1392.3 

1390.8 

13*9.4 

1SII.8 

1379.1 

1372.2 

1369.2 

54.34 

1369.7 

1368.2 

1346.7 

1345.4 

1364.7 

1355.0 

1348.1 

1345.1 

NOTE  Tltla  It  th.  and  rffult.  In  th.  analysis  <)»  th.  Malar,  at  si.  Oat*.  Th.  vfltwt  n directly  eorparebl.  to 
Ttbl.  4-10.  Sm  alto  Tab!.  4-7.  Valuta  In  body  of  table  are  An  * I0». 
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3*. 50 
54.34 


P-  500.0 


P*  750.0 


P*U00.0 


1.56 

7.64 

24.80 

34.50 

54.34 


1.56 

7.64 

24.80 

34.50 

54.34 


467.8  480.0 


-1.6 

-5.9 

-2.4 

1.1 

-0.4 

-0.5 

-2.0 

2.4 

-2.0 

—1.6 

' 1 

501.6  | 

1 

| 508.6 

587.6 

643.8 

667.8 

The  manner  that  Tables  A-6(a),(b)  are  to  be  used,  is  to  first-find  the  index  of  pure  water  at  atmos- 
pheric pressure  from  Tables  A-1  through  A-4,  then  add  the  appropriate  value  given  in  A-6{a)  and  then  add 
algebraically  the  one  in  Table  A-6(b). 

Their  use,  in  conjunction  with  Table  A-5(a),(b),  is  to  provide,  by  linear  interpolation,  the  index  of 
refraction  at  any  desired  salinity,  any  high  pressure,  and  for  any  given  temperature  and  length,  since 
the  appropriate  information  exists  for  S=  35°/00  and  S=  0°/eo> 


As  a check  on  the  accuracy  of  our  pure  water  high-pressure  data  weroay  also  br  ''-.y  c-  'mp  ire  with 
Rosen  (1947)  and  Stanley  (1970).  We  have  computed  from  our  tables  the  index  appropriate  to  xl  values  of 
the  parameters  that  these  authors  employed  and  the  comparisons  are  shown  in  Table  4-14.  It  was  neces- 
sary to  convert  the  pressures  of  Rosen  from  absolute  atmospheres  to  kg/cm2  gage  using  p(kg/cm2,  gage)  = 
p(atm.,abs)-  1)/0.967842  and  also  to  convert  the  Stanley  data  to  index  referred  to  air  rather  than  vacuum 
vacuum  by  dividing  by  1.000292,  before  performing  the  comparisons. 

Due  to  the  generally  lower  accuracies  of  the  higher-pressure  data  the  comparison  is  only  valid  to 
one  or  two  units  in  the  fourth  decimal  place.  More  specifically  Waxier  et  at.  whose  data  we  used  to  con- 
struct our  tables,  state  an  uncertainty  of  ±0.0001,  while  Stanley  states  a total  experimental  error  of 
±0.00006.  In  the  case  of  Rosen  no  specific  mention  of  error  was  made  but  there  is  a statement  implying 
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Table: 4^14.  Comparison  of  Rosen  (1947)  and  Stanley  (1970)  data, for  pure  water,  wlthinterpolated 
values  of  present  study; 


(a)  Comparison  with  Rosen  (1947),  Pure  water'at  T»:25°C.  Discrepancies  An  x 104  show  no  trend. 


A = 

406  nm 

x- 

= 436  nm 

X- 

= 546  nm 

A = 

579  nm 

p 

kg/cm2 

Rosen 

Present 

Study 

An 

Rosen 

Present 

Study 

An 

Rosen 

Present 

Study 

An 

Rosen 

Present 

Study 

An 

0.0 

1.3422 

1.34212 

0.8 

1.3398 

1.33969 

1.1 

1.3340 

1.33396 

0.2 

1.3330 

1.33282 

1.8 

515.6 

1.3496 

1.34928 

3.2 

1.3472 

1.34683 

3.7 

1;3413 

1.34106 

2.4 

1.3401 

1.33968 

1.3 

1032.2 

1.3558 

1.35571 

0.9 

1.3531 

1.35324 

-1.4 

1.3474 

1.34741 

-0.1 

1.3462 

1.34621; 

-0.1 

(b)  Comparison  with  Stanley  (1970).  Pure  water  for  X = 632.8  nm.  Discrepancies  An  x 134 
increase  with  increasing  pressure. 


T = 

1.03°C 

T = 

5.03°C 

T = 

10.02°C 

T = 

15.01  °C 

P 

kg/cm2 

Stanley 

Present 

Study 

A n 

Stanley 

Rresont 

Study 

An 

Stanley 

ftesent 

Study 

An 

Stanley 

ftesent 

Study 

An 

0 

1.33270 

1.33270 

0.0 

1.33263 

1.33263 

0.0 

1.33244 

1.33244 

0.0 

1.33213 

1.33215 

-0.2 

352 

1.33829. 

1.33806 

1.3 

1.33805 

1.33785 

2.0 

1.33772 

1.33753 

1.9 

1.33723 

1.33712 

1.1 

703 

1.34341 

1.34302 

3.9 

1.34294 

1.34281 

1.3 

1.34260 

1.34243 

1.7 

1.34201 

1.34193 

0.8 

1055 

1.34811 

1.34763 

4.8 

1.34772 

1.34721 

5.1 

1.34716 

1.34672 

4.4 

1.34655 

1.34619 

3.6 

T = 

20.01  °C 

T = 

24.98°C 

T = 

29.98°C 

P 

kg/cm2 

Stanley 

Present 

Study 

An 

Stanley 

Present 

Study 

An 

Stanley 

Present 

Study 

An 

0 

1.33173 

1.33175 

-0.2 

1.33126 

1.33127 

-0.1 

1.33070 

1.33071 

-0.1 

352 

1.33680 

1.33663 

1.7 

1.33625 

1.33607 

1.8 

1.33564 

1.33546 

1.8 

703 

i .341 51 

1.34132 

1.9 

1.34085 

1134065 

2.0 

1.34021 

1.33996 

2.5 

1055 

1.34590 

1.34619 

3.4 

1.34515 

1.34437 

2.9 

1.34447 

1.34411 

3.6 
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that  the  errors  are  approximately  0.0001.  Thus  agreement  within  two  units  in  the  fourth  place,  i.e,,.th.e 
combined  error  ranges,  may  be  considered  good:  in. Table  4-14  the  comparisons ; .of Lour  tables  with  Stanley 
and  Rosen  are  shown,  to,  the  fourth  decimal, place,  following  the  authors'  level  of  accuracy.  From  Table 
4-T4/.b)  It  is  evident  that  the  discrepancies- with  Stanley's  data  grow  with- increasing  pressure,  whereas 
they  essentially  vanish  at  atmospheric  pressure  since  in  both  studies  the  Tilton  and  Taylor  data  were 
used,  Thus  Stanley's  data  suggest  that  the  index  of  refraction  may  be  greater  than  we  have  taken  it  to  be. 
In  Table  4-14(a)  a comparison  with  Rosen's  data  is  presented.  Here  again  there  is  disagreement,  but  no 
trend  in  the  discrepancies  is  evident. 

Whatever  the  case  may  be,  the  above  comparisons  only  serve  to  illustrate  what  was  stated  pre- 
viously, namely,  that  the  pure  water  high-pressure  index  data  are  of  a lesser  quality  than  the  data  exam- 
ined in  Subsections  4.2  and  4.3.  For  the  sake  of  offering  a numerical  error  estimate,  we  suggest  that  the 
Tables  A-6{a),(b)  we  have  constructed  in  Appendix  A have  errors  of  ±0.0001  up  to  mid-pressures  and  per- 
haps ±0.0002  at  the  highest  pressures. 

Of  course  the  purpose  of  this  subsection  was  not  so  much  to  offer  accurate  values  of  the  pure  water 
index  of  refraction  per  se,  as  to  make  possible  the  computation  at  varous  salinities  through  linear 
interpolation,  in  conjunction  with  Stanley's  data  for  S = 35°/00  presented  in  Subsection  4.3.  For  this  pur- 
pose, it  is  felt  that  the  data  presented  here  should  be  satisfactory  to  the  engineering  user.  The  rrain 
advantage  of  our  numerical  values  lies  in  the  smooth  functional  behavior,  which  we  have  secured  through 
our  method  of  analysis. 


4.5  COMMENTS 

As  a summary  to  our  work,  it  is  now  possible,  using  the  material  presented  in  Subsections  4.2,  4.3, 
and  4.4,  to  completely  traverse  the  index  of  refraction  of  seawater  surface,  even  at  high  pressures.  The 
accuracy  with  which  this  can  be  done  is  at  the  mercy  of  the  assumption  of  linear  dependence  on  salinity 
at  all  pressures.  This  linearity  is  quite  well  supported  at  atmospheric  pressure  by  several  authors  although 
some  questions  still  remain  as  will  be  mentioned  in  Section  5 when  the  data  of  Rusby  and  of  Mehu  and 
Johannin-Gilles  are  discussed.  We  have  chosen  to  carry  this  linearity  further  and  apply  it  to  higher  pres- 
sures although  we  cannot  support  this  with  any  experimental  evidence;  this  portion  of  our  work  therefore 
must  be  viewed  as  an  approximation  awaiting  confirmation.  It  was  only  undertaken  to  provide  the  final 
link  in  completely  covering  the  index  of  refraction  dependence  on  its  four  parameters  and  we  feel  that  this 
is  preferable  to  not  presenting  it  at  ail. 

The  general  method  that  is  to  be  employed  in  finding  the  index  of  refraction  at  any  given  wave- 
length, temperature,  pressure,  and  salinity  is  to  first  use  Tables  A-1  through  A-4  in  Appendix  A to  deter- 
mine the  index  at  atmospheric  pressure  for  salinities  S=  0°/oo  and  S«35V00.  Then  proceed  to  Tables 
A-5(a),(b),  and  A-6(a),(b)  to  include  the  pressure  effect  at  these  two  salinities  and  finally  interpolate 
linearly  between  the  values  at  the  two  salinities  to  arrive  at  the  desired  index  of  refraction. 
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5.  COMPARISONS  WITH  PREVIOUSLY  PUBLISHED  DATA 


In  this  section  we  will  use  our  interpolation  procedure  to  produce  values  of  the  index  of  refrac- 
tion of  seawater  for  the  particular  values  of  the  independent  variables  - salinity,  temperature,  and  wave- 
length - at  which  other  investigators  have  made  their  measurements.  This  affords  the  possibility  of 
comparison  with  their  results  arid  an  additional  indication  of  the  accuracy  of  the  index  values  we  are 
presenting.  It  is  also  an  opportunity  to  compile  the  results  of  these  investigators  work  within  a single 
publication. 

At  the  outset,  it  may  be  recalled  that  very  little  work  has  been  done  on  the  dependence!  of  the  index 
of  refraction  on  pressure.  The  works  of  Stanley  (1971)  and  Woxler,  Weir  and  Schamp  (1964)  have  adequately 
fulfilled  this  need  and- have  been  exhaustively  dealt  with  in  Subsections  4.3  and  4.4.  All  the  comparisons 
that  will  be  presont&d  here,  will  therefore  be  restricted  to  measurements  at  atmospheric  pressure  only, 
butfor  the  various  values  of  temperature,  salinity  and  wavelength  as  indicated  in  each  case. 

Most  investigators  have  made  meesurements  only  over  restricted  ranges  of  the  variables,  thus  each 
comparison  will  be  valid  only  fa  those  ranges.  We  hope  to  show,  however,  that  our  results  as  presented 
in  Appendix  A appear  to  be  accurate  to  a few  units  in  the  fifth  decimal  place  and  have  the  advantage  of 
providing  complete  coverage  of  the  ranges  of  the;  variables,  as  opposed'  to  what  may  be  obtained  from 
the  results  of  any  single  investigator. 

It  is  quite  difficult,  if  not  impossible,  to  compare  our  results  with  the  old  studies  conducted  before 
about  1930,  because  the  seawater  samples  that  were  measured  were  often  characterized  by  their  specific 
gravity  and  temperature,  rather  than  salinity  and  temperature.  In  principle,  it  is  possible  to  derive  the 


salinity  from  the  specific  gravity  andthan  compare  with  our  results;  but  due  to  the  problems  of  changes 
in  the  definition  of  salinity  and  of  its  relationship  to  specific  gravity,  as  mentioned  in  Section  3,  itis 
r»t  (^»ious-that  such  comparisons  ara  actually  valid.  Among  the  older  Investigators,  only  Torhoe  {1900): 
and  Kfiimmer  {1907)  gave  values  of  the  salinity  of  their  samples,  but  it  is  believed  that  their  "salinity," 
measured  gravimetricaliy,  differs  somewhat  {see  Section  3)  from  the  salinity -as  how  used.  Thus,  com- 
parisons with  tile  oldermeasurements  mustbe  viewed  with  caution. 

We  will  first  presentcomparisons  with  those  index  measurements  which  are  specified  by  tho  actual 
salinity  (or  chiorinity)  and  temperature  of  the  samples.  Following  this,  we  will  provide  comparisons  with 
data  from  those  studies  that  provide  the  specific  gravity  and  temperature  of  the  see water  samples  from 
which; we  will  derive  die  salinity  atwhich^the-measurements-were  made. 

To  facilitate  comparison  of  data,  we  have  presented  the  index  values  of  each  investigator, Then  our 
own  values,  and  next  to  these  the  difference  between  the  two,  in  the  fifth  decimal  place.  Positive  differ- 
ences indicate  that  the  particular  investigator’s  values  are  high,  and  negative  differences  indicate  that 
they  are  low.  With  our  values  used  as  a reference  this  systematic  presentation  permits  the  direct  com- 
parison of  the  values  of  one  investigator  with  those  of  ahirther. 


As  explained  in  the  literature  review  in  Section  there  exists  only  a small  number  of  investiga- 
tions of  the  index  of  refraction  which  can  be  used  here;  We  will  discuss  these  at  this  time,  not  neces- 
sarily in  chronological  order.  We  will  specifically  compare  our  interpolated  results  with  those  of  Tornoe 
{1900),  Krurnmet  (1807),  Utterback,  Thompson  and  Thomas  (1934),  Miyake  (1939),  Rusby  (1S67),  Mehu  and 
Johannin-Gilies  (1988),  Ssin,  Hirsekorn  and  Mpller  (19315),  and  Vaurabourg  (1921a).  All  of  these  studies 
present  the  value  of  the  index  of  refraction  (with  respect  to  air),  except  for  "Rusby  who.presented  the 
difference  in  index  from  35%,  Copenhagen  Standard  Seav/ater  (refractive  ir.0ex  anomaly),  also  with  respect 
to  air.  ' ■ 

The  data  of  Uttetback,  et  a!.,  (see  Section  2),  were  originally  in  terms  of  chiorinity  and  have  been 
converted  to  salinity  using  Ore  relation  given  in  Section  3.  These  are  shown  in  parentheses  in  Table  5-1, 
together  with  values  interpolated  from  our  tables  at  Utterbeck’s  salinities  and  temperatures  for  the  wave- 
length A = 589.3  nm.  The  numbers  to  the  right  of  the  index  values  show  their  difference  in  the  fifth 
decimal  place.  The  only  observable  trend  is  in  that  larger  differences  occur  at  0°C.  If  it  is  recalled 
that  at  each  temperature  our  values  are  a priori  linear  (see  Figure  4-1),  then  Utterback’s  data  either 
suggest  very  slight  deviations  from  linearity  or  are  contaminated  by  errors.  Whichever  the  case  may  be, 
it  is  encouraging  to  observe  that  the  maximum  difference  of  6 x TO"5  in  index  is  within  the  combined 
error  margins,  which  are  3 x 10"s  for  both  our  results  and  for  Utterboek's. 


Comparison  with  Miyake’s  results  (see  Section  2)  is  shown  in  Table  5-2,  where  we  have  used  the 
same  relation  for  the  chiorinity  to  salinity  conversion,  as  with  the  data  of  Utterback.  These  measurements 
were  made  at  25°C  with  Sodium  D-light  (589.3  nm).  The  column  showing  the  differences  suggests  that 
Miyake’s  data  are  quite  erratic  considering  that  our  data  are  exactly  linear.  In  our  view,  Miyake's  real 
contribution  was  in  demonstrating  the  additivity  of  refractivities  of  the  major  ionic  constituents  of  sea- 
water in  producing  the  rise  in  index  over  that  of  pure  water  (sec  Table  3-1). 


Tabl*  8*1.  Comparison  of  Utterbsck,  at  at.  (1934)  data  with  interpolated  values  of  presant  study. 
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Table  6-2.  Comparison  of  Miyake  (1939)  data  with  interpolated  values  of  present  study. 
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A comparison  of  another  kind- may  be  made  with  Rusby's  dfts  (see  Section  2K  His  measurements 
represent  the  difference,  in  index  between- a seawater  sample  and  30Veg  Copenhagen  Standard  Seawater 
(refractive  index  anomaly)  and  are  accurate  to  the  seventh  docimal  place  (4x  10“7).  These,  data  are  the 
most  accurate*. as  we!!  esthe  most  precise  over  taken  for  seawater.  Whereas  our  data  are  accurate  to  only 
the  fifth  decimal  place,  a useful  comparison  can,  nevertheless,  be  made.  Tables  5»3(a);and  5-3{b)  compare 
these  data  in  two  groups,  i.e.,  for  two  different  salinity  series.  The  column  labeled  "Present  Study"  con- 
tains data*  derived  through  interpolation  of  our  tables,  and  provides  the  difference  in  index  from  that  at 
36%*  salinity,  this  column  is  presented  with  sixth-decimai-ptace, precision,  even  though  the  accuracy  is 
only  to  the  fifth  decimal  place  (3x  10~3),  in  order  to  show  the  surprisingly  small  differences  that  were 
found.  In  all  cases,  between  salinities  of  33  and  38 %*  the  errors  are  below  1 x 1CT5;  an  amazing  agree- 
ment of  values  whose  accuracy  differs  by  two  orders  of  magnitude.  Note  that  an  index  difference  of 
1 x 10"s  corresponds  to  about  0.06%,  in  salinity. 

This  comparison  with  Rusby's  very  accurate  data,  even  though  at  only  one  waveiength  andat  a 
restricted  range  of  temperatures  and  salinities,  provides  an  assuring  confirmation  of  the  index  increments 
as  determined  by  our  procedure  using  the  data  base  of  Mehu  and  dohannin-Gilles. 

There  are  two  points  to  be  clarified  here:  First,  in  Table  5-3{a)  at  salinities  below  33°/00,  our  values 
and  Rusby's  differ  by  more  than  one  unit  in  the  fifth  decimal  place.  Rusby  has  stated  that  for  salinities 
beiew  35%,  the  standard  deviation  of  his  measurements  was  larger  than  above  that  value,  but  this  cannot 
account  for  the  entire  difference.  If  the  difference  is  real,  it  would  appear  that  the  index  behaves  in  a 
slightly  nonlinear  manner  for  salinities  below  33%„  which  in  one  sense  may  justify  M-G's  data  (see 
Figure  4-1)  which  show  a drop  in  index  at  around  26%0  salinity.  This  drop,  however,  recovers  at  lower 


Table  5-3.  Comparison  of  Rusby  (1967}  refractive  index  anomaly  data  with  interpolated 
values  of  present  study. 


(a)  A=  546.1  nm,  p=  0 (atmospheric).  T=  20°C 
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Tibi*  5-3  cont. 


(b)  A a 546.1  nm,.,p=-0  (atmoephoric).  T=  17,3,  20.1,  25.3;  30.1  °C. 
This  is  a different  series  of  salinitias  than  those  of  Table  5*3a. 
Blanks  Indicate,  no  entries. 
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salinities  as  is  seen  in  the  same  figure,  it  should  be  recalled  here  that  we  have  ignored.this  behavior  in 
building  our  tables.  The  second  point  is  that  in  Table  5-3{b)  at  S=  36.857°/00  and  T=  25.30°C,  Rusby 
showed  that  An  = 43.01  x 10“9,  wnich  was  obviously  a typographical  error  as  can  be  readily  seen  from 
the  data  trends.  We:have  corrected  this  value  to  34.01x  10“s. 


table  5-4  presents  a comparison  of  Kruromel's  data  (see  Section  2)  with  our  values  (taken  directly 
from  Table  A-3(h)  in  Appendix  A),  where  the  difference  between  the  values  is  observed  to  change  almost 
linearly.  Any  number  of  reasons  could  be  proposed  for  this  type  of  disagreement;  however,  it  doas  not 
appear  to  be  a temperature  ttffect.  For  pure  water  (S  = 0°/eo),  Tilton  and  Taylor  give  a value  of  1.3331584. 
as  compared  with  Krummel's  value  determined  many  years  earlier. 


tabla  5-4.  Comparison  of  Krummet  (1907)  data  with  interpolated  values  of  presenistudy. 
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In  Subsection  4.2  where  the  data  of  Mehu  and  Johannin-Gilles  (see  also  Section  2}  were  presented 
(Table  4-1),  it  was  stated  that  we  eliminated  their  values  at  three  chlorinities  to  obtain  the  data  in  Table 

4- 2  from,  which  the  tables  in  Appendix  A were  constructed.  These  data  are  compared  with  ours  in  Table 

5- 5,  where  the  M-f5  data  are  shown  in  parentheses.  We  did  not  include  the  chlorinities  Oand  1S.373°/00 


Table  S-6.  Comparison  of  previously  ignored  Mehu  and  Johannin-Gilles  (1968)  data  with  interpolated 
values  of  present  study. 
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9.603 

17.348 

1.34261  -7. 

1.34246  -4. 

» .3*221 

1.34184  -4. 

1.34139  -3. 

1.34087  -2. 

1.34076  -1. 

11.34254) 

(1.34244) 

(1.34217) 

(1.341601 

(1.341361 

(1.34085) 

(1.34027) 

14.589 

26.356 

1.34441  -12. 

1.34425  -13. 

1.34396  -15. 

1.34355  -16. 

1.3430b  -17. 

1.34255  —70. 

1.34195  -22. 

(1.34429) 

(1.34412) 

(1.34381) 

(1.34339) 

11.34291) 

(1.34735) 

(1.34173) 

480.0 

4.887 

8.829 

1.34020  6. 

1.34010  5. 

1.33987  4. 

1.33953  4. 

1.33910  3. 

1.33859  1. 

1.33801  -1. 

(1.34026) 

(1.34015) 

11.33901) 

(1.33957) 

(1.33913) 

11.33660) 

11.33800) 

9.603 

17.343 

1.34191  -6. 

1.34178  -5. 

1.34151  -4. 

1.34115  -4. 

1.34070  -3. 

1.34017  -1. 

1.33958  -0. 

(1.34185) 

(1.34173) 

(1.34U71 

(1.34111) 

(1.340671 

(1.34016) 

(1.33958) 

14.569 

26.35*. 

1.34371  -12. 

1.34355  -14. 

1.34325  -15. 

1.34286  -16. 

1.34239  -16. 

1.34184  -19. 

1.34174  -20. 

li. 34359) 

(1.34341) 

(1.34310) 

(1.34270) 

(1.34221) 

11.34165) 

11.34104) 

5C8.5 

4.887 

8.829 

1.33876  5. 

1.33866  5. 

1.33843  4. 

1.33810  4. 

1.33767  3. 

1.33716  2. 

1.33658  1. 

(1.33881) 

11.33871) 

(1.33847) 

(1.33914) 

(1.33770) 

(1.33716) 

(1.33659) 

9.603 

17.348 

1.34046  -5. 

1.34033  -4. 

1.34006  -4. 

1.33970  -4. 

1.33925  -3. 

1.33874  -2. 

1.33814  -0. 

(1.34041) 

(1.34029) 

(1.34002) 

11.33966) 

(1.33922) 

(1.33872) 

11.33814) 

14.589 

26.354 

1.34225  -13. 

1.34209  -14. 

1.34176  -15. 

1.34139  -15. 

1.34092  -)7. 

1.34U39  -19. 

1.33979  -20. 

(1.34212) 

(1.34195) 

(1.34163) 

(1.74124) 

(1.34075) 

(1.34020) 

(1.33959) 

546.1 

4.887 

8.629 

1. 33716  5. 

1.33708  4. 

1.33665  5. 

1.33651  4. 

1.336u9  3. 

1.33559  2. 

1.33501  1. 

(1.33723) 

(1.33712) 

(1.33690) 

11.33655) 

(1.336)2) 

11.33561) 

(1.33502) 

9.603 

17.346 

1.33886  -2. 

1.33873  -2. 

1.33847  -3. 

1.33910  -3. 

1.33767  -3. 

1.33714  -1. 

1.33656  -0. 

(1.33884) 

(1.33671) 

(1.33644) 

(1.336071 

(1.33764) 

(1.33714) 

(1.33656) 

14.589 

26.334 

1.34  0 6 4 -12. 

1.34047  -U. 

1.34018  -14. 

1.33979  -17. 

1.33937  -17. 

1.33679  -18 

1.33620  -/O. 

(1.34052) 

(1.34034) 

(1.34004) 

(1.33962) 

(1*33*15) 

(1.33661) 

(1.3360C) 

577.0 

4.687 

8.829 

1.33608  4. 

1.33598  5. 

1 *33575  4, 

1.33542 

1 .33499  2. 

1.33449  7. 

1.33392  1. 

(1.33612) 

11.33603) 

(1.33579) 

11.33545) 

(1.33597) 

(1.33451) 

11.33393) 

9.603 

17.343 

1.33775  -2. 

1.33763  -1. 

1.33736 

1.33700  -2, 

1.33655  -2. 

1.33603  -1. 

1.33546  1. 

11.33773) 

(1.33762) 

(1.337341 

t »*?J6v'n l 

(1.33653) 

(1.33602) 

11.33547) 

14.589 

26.354 

t. 33952  -13. 

1.33937  -15. 

1.33906  -15. 

1 «3>46?  -17. 

1.33820  -17. 

1.33767  -18. 

1.33709  -70. 

(1.33939) 

(1.33922) 

(1.338911 

Si.UM 

(I.J3893I 

(1.337491 

( 1 .33669) 

579.1 

4.887 

6.829 

1.33601  4. 

1.33591  5. 

1.33569  6. 

I.J5533  i. 

1.33492  3. 

1.33442  2, 

1.33385  1. 

U.  33605) 

11.33596) 

(I.tew 

(1.33538) 

(1.33495) 

(1.33444) 

( 1.33386) 

9.603 

1J.J6B 

1.33766  -2. 

1.33756  -|. 

1.33730  -2. 

1.33693  *?. 

1.33648  -3. 

1.33597  -2. 

1.33539  1. 

(1.33766) 

(1.33755) 

(1.33728) 

1 i .33691 1 

(1.33646) 

(1.33595) 

(1.33540) 

14.589 

26.354 

1.33945  -13. 

1.33930  -1 

1.35  900  -15. 

1.33860  -17. 

1.33813  -18. 

1.33760  -16. 

1.33702  -20. 

(1.33932) 

(1.33915) 

(1.33685) 

(1.338431 

(1.337961 

(1.337421 

(1.33662) 

559.3 

4.887 

8.829 

1.33568  5. 

1.33558  5. 

1.33536  4. 

1.33502  4. 

1.33460  3. 

1.33*09  3. 

1.33353  1. 

(1.33573) 

(1.33563) 

(1.33540) 

(1.33506) 

(1.334631 

(1.33412) 

(1.333541 

9.603 

17.348 

1.33735  -l. 

1.33722  -0. 

1.33696  -1. 

1.33660  -2. 

1.33615  -2. 

1.33564  -1. 

1.33506  1. 

11.33734) 

(1.33722) 

(1.33695) 

(1.33658) 

11.33614) 

(1.33563) 

(1.33507) 

14.559 

26.354 

1.33911  -12. 

1 .33895  -15. 

1 *33866  — 1 5. 

1.33827  -17. 

1.33780  -17. 

1.33726  -17. 

1.33668  -19. 

(1.33899) 

(1.338**11 

(1.33651) 

Ci. 33010) 

(1.53763) 

(1.33709) 

(1.33649) 

643.8 

4.847 

8.629 

1.33413  6. 

1.33403  5. 

1.33380  5. 

1.33346  4. 

1.33306  3. 

1.33256  3. 

1.33199  2. 

(1.33419) 

(1.33406) 

( \ .33365) 

0,333521 

(1.33309) 

(1.33259) 

(1.33201) 

9.603 

17.348 

1.33579  1. 

1.33566  -0. 

1.33540  -0. 

1.33505  -l. 

1.33461  -2. 

1.33409  0. 

1.33351  l. 

11.33580! 

(1.33566) 

(1.33540) 

(1 ,35504 J 

11.33459) 

(1.33409) 

(1.33352) 

14.589 

26.354 

1.33755  -13. 

1.33739  -15. 

1.33709  -16. 

1.33671  -17. 

1.33624  -17. 

1.33571  -17. 

1.3351 1 -17. 

(1.33742) 

11.33724) 

(1.33693) 

(1.33654) 

(1.33*07) 

(1.33554) 

( 1.33494) 

NOTE:  Mehu  and  Johannin-Gilles  data  in  parentheses.  Column  under  An  shows  the  difference  An  x 10s. 
The  systematic  trends  of  An  x 10s  are  evident,  as  also  shown  in  Figure  4-1.  p = 0 (atmospheric). 
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since  our  values  are  actually  the  same  as  theirs.  The  second  column  for  each  temperature  contains  the 
difference  An  x 10s  between  our  values  and  theirs.  The  striking  feature  of  this  column  is  the  very  sys- 
tematic distribution  of  the  differences  according  to  salinity,  as  shown  also  in  Figure  4-1  where  our  values 
are  shown  by  the  straight  lines,  and  the  differences  An  x 10s  represent  the  distance  of  the  points  from 
the  lines.  This  systematic  behavior  holds  at  all  wavelengths,  with  the  An  x 10s  discrepancies  being 
positive  at  S=  8,829  %4,  small  positive  and  negative  at  S=  17.348°/0o,  and  much  more  negative  at  S = 
26.354#/00.  There  is  also  a tendency  for  An  x 10s  to  decrease  algebraically  (i.e.,  not  in  absolute  value) 
as  the  temperature  increases.  In  our  work  we  have  assumed  that  the  dependence  of  the  index  of  refraction 
on  salinity  is  linear  up  to  43°/00,  a premise  that  originated  from  the  works  of  Utterback,  et  at.,  Miyake, 
and  even  M-G  themselves.  One  cannot,  however,  completely  ignore  the  fact  that  the  differences  An  x 10s 
in  Table  5-5  repeat  themselves  at  all  wavelengths  and  with  the  same  systematic  behavior,  and  that  they 
are  greater  than  the  stated  accuracy  of  "within"  3 x 10“s.  There  is  always  the  possibility  that  the  same 
seawater  samples  were  used  at  all  wavelengths  and  that  their  chlorinity  was  not  properly  determined.  If 
that  were  true,  however,  in  Figure  4-1  the  points  would  be  equally  distant  from  the  lines,  horizontally, 
at  any  particular  salinity,  which  is  not  the  case.  The  same  figure  shows  the  discrepancies  to  be  greatest 
at  the  salinity  of  26.354°/09  (Cl  = 14.589°/0o),  which  would  indicate  a nonlinear  salinity  dependence  of 
index  in  a region  around  this  value.  In  the  comparison  with  Rusby’s  data.  Table  5-3{a),  there  is  an  indica- 
tion of  this  nonlinear  behavior  for  salinities  of  32.787  to  30.867°/oo  (considering  that  our  values  in  this 
table  are  linear),  but  we  cannot  be  sure  this  is  a real  trend,  and  Rushy’s  values,  unfortunately,  do  not 
extend  to  any  lower  salinities.  This  nonlinearity  certainly  does  not  appear  in  Table  5-1  where  the  Utter- 
back,  et  a!.,  data  are  compared,  or  in  Table  5-2  where  the  Miyake  data  are  compared. 

Such  considerations  as  these  prompted  us  to  accept  a priori  a linear  salinity  dependence  of  the 
index  of  refraction.  Nevertheless,  the  suspicion  remains  that  the  index  curves  may  not  be  linear  with 
salinity,  but  the  accuracy  and  the  precision  of  existing  measurements  and/or  their  limited  coverage  do 
not,  as  yet,  permit  resolution  of  this  question. 


We  next  turn  to  Tornoe  (1900)  (see  Section  2)  who  took  his  measurements  using  a variation  of  the 
Halwachs  method.  Since  he  was  interested  in  obtaining  salinity  from  the  refractive  properties  of  seawater, 
he  presented  his  results  in  terms  of  the  refractive  angle  2a  measured  on  his  apparatus,  which  is  related 
to  the  index  of  refraction  of  pure  water  nw  and  seawater  n,  by  the  formula 


sin2a 


{n  — 1 ) = 


where  n = — 


n2  • (n  + 1 ) 


which  may  be  more  simply  written. 


n2  + sinJa 
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Tornoe's  work  consisted  in  gravimetrical !y  determining  the  salinities  ofliis  samples,  (see  below), 
and  then  measuring  the  refractive  angle  2a  while  varying  temperature  for  each  sample.  From  these  data 
he  developed  two  formulae,  one  relating  the  index  to  salinity  and  the  other  the  index  to  specific  gravity 
(the  latter  taken  from  Knudsen's  Tables).  These-are 


log  n i7.5  = 6.14540  s -0.°a006  s2  atT=17.5°C  (5.3) 


and 


nt " ni7.s  = 0.216  (yt-y,7.5)  at  any  T 


(5.4) 


where  S is  salinity,  nt  is  die  ratio  nt/nw  at  some  temperature  t and  n17  s is  the  same  ratio  at 
17.5°C,  y,  is  the  ratio  of  specific  weights  of  seawater  at  temperature  t to  pure  water  at  temperature  t, 
and  y17  5 the  same  ratio  at  17.5°C.  No  mention  is  made  of  how  these  formulae  were  obtained;  but  if 
they  wore  derived  from  his  data,  temperature  does  not  appear  to  have  been  adequately  covered  for  most 
of  the  salinities  (see  below).  From  the  above  formulae,  Tornoe  developed  numerical  tables  providing  the 
dependence  of  2a  on  salinity  (9.84  to  38.45°/ao)  and  temperature  (6  to  22°C).  To  check  the  validity  of 
these  tables,  he  reversed  his  procedure  and  computed  the  salinities  by  using  his  original  measurements 
of  2a  and  his  tables.  The  results  of  his  73  comparisons  indicated  discrepancies  between  computed  and 
measured  salinities  of  less  than  0.05%a  for  59  pairs,  end  up  to  0.07°/oo  for  only  4 pairs,  with  an  average 
error  of  0 .OlT*/,*,,  which  is  very  good  indeed,  considering  the  procedures  available  for  these  measurements 
75  years  ago. 

The  original  determination  of  the  salinities,  done  gravimetrically,  was  computed  from  the  empirical 
relation  (see  Tornoe.  1895) 


S = 1315  (y, 7.5-1)  . 


(5.5) 


However,  according  to  Riley  and  Chester  (1971)  (see  Section  3),  this  gravimetric  "salinity”  of  Tornoe 
and  the  Knudsen  salinity  should  differ  by  0.45  percent.  In  the  comparison  presented  in  Table  5-6,  between 
our  values  and  Tornoe's,  his  salinities  were  taken  at  face  value  and  this  adjustment  was  not  made.  We 
do  comment,  however,  on  what  the  difference  would  be. 

As  is  shown  in  Table  5-6,  at  two  salinities  a wide  temperature  range  is  covered,  but  at  the  other 
salinities  the  temperatures  bracket  17.5°C,  which  was  the  generally  accepted  "standard  room  tempera- 
ture” at  that  time.  The  differences  between  our  values  and  Tornoe’s,  expressed  as  An  x 105,  are  impres- 
sively small,  with  better  agreement  at  the  iower  temperatures.  When  as  an  exercise,  we  adjusted  Tornoe's 
salinities  by  the  above  mentioned  0.45  percent,  the  differences  were  reversed,  with  the  agreement  at  the 
higher  temperatures  (above  14°C)  being  better  than  one  unit  in  the  fifth  decimal  place,  and  up  to  three 
units  at  the  lower  temperatures,  which  is  also  an  acceptable  result;  i.e.,  within  our  3x  10"5  accuracy, 
even  though  Tomoe's  accuracy  is  not  specified. 
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Table  5-6.  Comparison  of  Xirnoe  (1900)  with  interpolated  values  of  present  study, 


(a)  A = 589.3  nm,  p = 0 (atmospheric),  9=  33.86°/M  (b)  A = 589.3  nm,  p = 0 (atmospheric),  S=  34.64°/e3 


Tt 

S = 33.86  % 

Tt 

S = 34.64  *4 

Present 

Study 

Tornoe 

An  x 10s 

Present 

Study 

Tornoe 

An  x 105 

7.1 

1.340285 

1.340290 

0.5 

5.9 

1.340508 

1.340516 

0.9 

7.6 

1.3402S4 

1.340259 

0.5 

6.5 

1.340471 

1.340475 

0.4 

7.7 

1.340246 

1.340247 

0.1 

7.0 

1.340442 

1.340456 

1.4 

8.1 

1:340219 

1.340223 

0.4 

7.4 

1.340417 

1.340429 

1.2 

8.2 

1.340214 

1.340209 

-0.5 

7.8 

1.340389 

1.340393 

0.4 

8.6 

1.340185 

1.340191 

0.6 

, 9.9 

1.340239 

1.340244 

0.6 

8.9 

1.340164 

1^40168 

0.4 

10.0 

1.340231 

1.340239 

0.8 

10.9 

1.340013 

1.340018 

0.6 

10.2 

1.340215 

1.340227 

1.2 

11.0 

1.340004 

1.340012 

0.8 

10.4 

1.340199 

1.340209 

1.0 

14.0 

1.339747 

1.339752 

0.5 

14.8 

1.339820 

1.339855 

3.5 

14.1 

1.339739 

1.339756 

1.7 

15.4 

1.339764 

1.339798 

3-4 

14.3 

1.339721 

1.339737 

1.6 

16.0 

1.339706 

1.339753 

4.7 

14.8 

1.339675 

1.339699 

2.4 

16.5 

1.339680 

1.333708 

4.9 

17.4 

1.339429 

1.339453 

2.9 

17.2 

1.339592 

1.339623 

3.1 

17.6 

1.339410 

1.339440 

3.1 

17.5 

1.339561 

1.339599 

3.7 

17.7 

1.339399 

1.333432 

3.2 

17.7 

1.339542 

1.339581 

3.8 

17.8 

1.339390 

1.339433 

4.3 

17.9 

1.339532 

1.339563 

4.1 

18.1 

1.339360 

1.339402 

4.2 

18.1 

1.339502 

1 339535 

3.2 

18.3 

1.333340 

1.339379 

3.9 

18.3 

1.33S482 

1.339518 

3.5 

18.7 

1.339300 

1.339343 

4.3 

20.2 

1.339290 

1.333323 

3.9 

21.1 

1.339051 

1.339086 

3.4 

20.3 

1.339278 

1.339311 

3.2 

21.3 

1.339030 

1.339064 

3.3 

20.4 

1.339269 

V. 339295 

2.7 

21.5 

1.339008 

1.339040 

3.1 

20.6 

1.339248 

1.330268 

2.0 

(c)  Tornoe  data  in  parentheses.  Column  under  An  shows  difference  A nx  10s. 
A = 589.3  nm,  p=  0 (atmospheric).  Blanks  indicate  no  entries. 


S=  10.14 

v„ 

S=  20.02 

v« 

S = 25.02 

*4. 

S = 29.97 

*4. 

S = 31.96 

‘4. 

5 = 33.00 

*4. 

S = 35.02 

*4o 

T°C 

n 

An 

n 

An 

n 

An 

n 

An 

n 

An 

n 

An 

n 

An 

17.0 

1.337S39 
U. 337865) 

2.6 

1.339666 

(1.339890) 

2.4 

17.2 

1.336903 

(1.336920) 

1.7 

1.338735 

(1.338761) 

2.7 

1.339291 

(1.339327) 

3.6 

17.3 

1.337812 

(1.337838) 

2S 

17.4 

1.335069 

(1.335086) 

1.7 

1.338716 

(1.338745) 

3.0 

1.339083 

(1.339110) 

2.8 

1.339272 

(1.339303) 

3.1 

1.339827 

(1.339858) 

3.1 

17.5 

1.337793 

(1.337825) 

3.1 

1.338705 

(1.338737) 

3.2 

17.6 

1.336866 

(1.336886) 

2.0 

1.339064 

(1.339092) 

2.9 

1.339252 

(1.339284) 

3.2 

17.7 

1.335043 

(1.335062) 

1.9 

17.8 

1.339044 

(1.339075) 

3.1 

1.339737 

(1.339817) 

3.1 

17.9 

1.339033 

(1.339066) 

3.2 

1.339223 

(1.339256) 

3.3 

18.0 

1.339767 

(1.339803) 

3.6 
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Recalling  thatoor  values  are, linear  with  salinity  and  observing  the  size  of  the  differences  An  x 10* 
at  around  17.5°C,  we  do  not  comprehend  Tornoe's  reasons  for  developing  the  above  nonlinear  relation- 
ship, W»ieh  csnferawrittenas 


n = n io(6,.14340S- o.ooooes5)  . 

*17.  S W17.S 


(5.6) 


We  find  that  the  above  nonlinear  relationship  with  the  two  empirical  coefficients,  and  our  assumed 
linear  relationship  n,  = n.  + aS  (at  some  temperature)  with  the  one-empirical  constant  a,  agree  quite 
well  in  numerical  terms.  Thus  we  believe  that  the  simpler  linear  relationship  is  better  qualified  to  repre- 
sent the  dependence  of  the  index  of  refraction  on  salinity.  Tomoe  used  pure  water  date  taken  from  Rosetfi’s 
Tables  which  appeared  in  Landolt-Bomstein,  while  we  have  used  the  mere  accurate  Tilton  and  Taylor  data. 


It  is  therefore  concluded  that  even  Tomoe 's  data  suggest  the  linear  relationship  of  index  and  salinity, 
within.the  3 units  in  the  fifth-decimal-place  accuracy  which  we  have  claimed  throughout 

We  now  turn  to  two  sets  of  measurements  of  the  index  of  refraction  of  seawater,  which  have  been 
‘.characterized ‘by  specific  gravity  and  temperature,  rather  than  salinity  and  temperature.  These  are  the 
works  of  Bein,  Hirsekom,  and  Moller  (1935)  and  of  Vaurabourg  (1921b).  Bein,  et  at.,  have  used  the  par- 
ameter pl7  j (see  Eq.  3.9)  to  essentially  characterize  salinity,  while  Vaurabourg  used  <r0  (see  Eq.  3.8). 
From  Knudsen's  Tables,  which  provide  the  correspondence  between  salinity,  pl7  s and  <r0,  we  have 
converted  directly  to  salinity J»fore  proceeding  to.compare  with  our  values. 

In  the  work  of  Bein,  et  at.,  (see  Section  2)  measurements  of  the  refracting  angle  a were  first  made 
using  the  Halwachs  apparatus,  and  these  were  used  to  calibrate  an  interferometer  which  was  subsequently 
used  to  measime  pI7>5  directly.  Ws  will  ignore  here  the  "derived"  interferometric  data  and  concentrate 
only  on  the  basic  Halwachs  method.  This  necessitates  knowledge  of  the  index  of  pure  water  nw  and  of 
the  refracting  angle  a to  compute  the  index  of  seawater,  through 


n.  = V n*  + sinJ  ot 


(5.7) 


which  was  also  used  by  Tomoe.  For  the  comparison  with  our  values,  wo  have  used  the  measured  angles.a, 
frorn  Bien,  et  at.,  and  values  from  Tilton  and  Taylor  (1938)  for  the  index  of  pure  water  nw.  In  the  measure- 

menfcs.  of-Bflin.  ttt.nl  11  tomuitar 


j:u. 


nviv  »™iraiiBu  ai  umciraii  ira^simuivs,  ai  me  rout  neiium- 
lines  447.1.  601.6,  587.6,  and  667.8  nm.  The  actual  apparatus  used  was  a very  elaborate  version  of  the 
Halwachs  method  which  could  measure  angles  to  a few  seconds  of  arc,  corresponding  to  the  sixth  decimal 
place  in  index  (6  seconds  corresponded  tp  approximately  3 x 10-6  in  index).  The  comparison  of  the  values 
of  index  of  refraction  of  seawater  as  computed  above  with  our  interpolated  values  is  shown  in  Table  5-7. 
It  should  be  pointed  out  that  at  667.8  nm  our  values  are  extrapolated.  It  is  evident  from  this  table  that 
the  observed  differences  are  not  randomly  distributed,  since  for  29  of  the  31  pairs,  the  values  of  Bein, 
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Tcbte  R-7.  Comparison  of  3«ln,  et  at.  data  with  Interpolated  values  of  present  study. 
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NOTE:  Salinities  obtained  from  Knudsen's  Tables  (1SGI).  p.  0 (atmospheric). 
Blanks  indicate  no  entries. 


et  at.,  are  higher  by  6 or  7 x 10"5  in  index.  Discrepancies  above  10  x 10-5  we  attribute  to  erroneous 
reporting.  We  recognize  that  the  discrepancies  between  the  index  values  of  Bein,  et  at.,  and  our  own 
are  of  the  order  of  7 x 10*5,  but  we  cannot  provide  an  explanation  - especially  since  Bein's  data  are 
supposed  to  provide  sixth  decimal  place  accuracy.  It  would  seem  that  the  source  of  these  almost-constant 
differences  lies  in  some  systematic  experimental  errors,  which  were  not  accounted  for  by  Bein,  et  at.,  or 
by  the  choice  of  nw , 

Before  proceeding,  some  comments  are  in  order  on  the  tables  computed  by  Saint-Guilly  (1954),  which 
are  based  on  Bein's,  et  at.,  interferometric  data,  which  we  have  not  considered  here.  These  were  ex- 
pressed as  the  difference  in  index  between  seawater  and  pure  water  {ne  - n„ ) through 


n.  - = 


0.00024168  -p, 
1 ± A, 


7.5 


(5.8) 


(to  be  found  on  p.  161  in  Bein's  work),  where  \ provides  a temperature  correction,  and  At  = 0 at  20°C. 
According  to  Bein  this  relation  holds  for  "white-light”  or  "He-yellow”  (587.6  nm),  but  he  also  mentions 
that  the  compensation  point  for  the  interferometer  (which  employed  "white  light")  corresponds  to  559  nm, 
which  is  very  confusing.  What  Saint-Guilly  did  was  to  take  tho  values  of  nw  from  Tilton  and  Taylor  (1938) 
at  the  completely  unrelated  wavelength  of  589.3  nm  (Sodium  D-lines)  and  add  the  nB  - nw  of  Bein,  et  at. 
Vie  strongly  object  to  this  apparently  arbitrary  combination  of  data  valid  at  different  wavelengths,  and 
we  would  like  to  caution  users  of  Saint-Guilly's  tables  as  to  their  validity. 

As  a final  comparison  with  earlier  work,  we  consider  Vaurabourg's  data  (1921a, b).  This  work  was 
undertaken  in  conjunction  with  Thoulet  (1921)  who  was  more  interested  in  the  descriptive  oceanography 
than  in  the  physical  constants.  The  dsts  presented  in  Vuurabyurg  (tezia)  include  the  correspondence  of 
density  to  index  of  refraction  at  given  values  of  <70,  in  5°C  temperature  increments  at  the  Sodium  D-iines 
(589.3  nm).  A total  of  eight  seawater  samples  were  measured,  plus  a pure  water  sample.  In  his  1921b 
paper  the  same  data  are  presented  but  interpolated  to  temperature  increments  of  1°C,  and  some  numerical 
values  have  been  changed  by  at  least  one  unit  in  the  fifth  decimal  place.  A much  greater  discrepancy 
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than  found  with  earlier  comparisons  is  evident  in  Table  5-8.  Utterback,  et  a/.,  criticized  Vaurabourg's 
data,  which  they  found  to  be  high,  and  attributed  the  discrepancies  to  the  Fery  and  Zeiss  refractometers 
which  were  used  and  which,  according  to  Utterback,  et  a/.,  can  only  provide  the  index  to  the  fourth  de- 
cimal place,  even  though  Vaurabourg  presented  five.  Because  of  this,  wo  do  not  consider  this  comparison 
to  be  valid  and  present  it  only  for  the  sake  of  completeness. 

Table  5-3.  Comparison  of  Vaurabourg  (1921)  with  interpolated  values  of  present  study. 
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NOTE:  Vaurabourg  data  in  parentheses.  Column  under  An  indicates  the  difference  AnxlO5.  Largo  dis- 
crepancies due  to  Vaurabourg’s  reduced  accuracy  («  1 x 1 0”4).  589.3  ran,  p * 0 (atmospheric). 


This  completes  the  comparisons  between  our  work  and  the  work  of  previous  investigators.  It  is 
difficult  to  determino  whose  measurements  more  accurately  represent  the  physical  quantity  of  the  index 
of  refraction  - the  Utterback,  et  at.  data  appear  to  be  slightly  high;  Miyake  and  Krummel  indicate  lower 
values  at  lew  salinities  and  higher  values  at  higher  salinities.  The  agreement  with  the  refractive  index 
anomaly  of  Rusby  is  excellent,  while  comparison  with  M-G's  discarded  data  raises  some  questions. 
Finally,  the  comparison  with  Bein,  et  at.,  and  with  Vaurabourg  implies  their  values  are  high. 

However,  our  contribution  through  this  study  is  the  construction  of  a composite  body  of  data  which 
yields  complete  coverage  of  the  index  of  refraction  surface,  is  internally  self-consistent,  and  has  the 
physically  gratifying  property  of  smooth  functional  dependence  on  the  parameters  salinity,  temperature, 
wavelength,  and  pressure.  We  believe  we  have  retained  the  accuracies  of  the  investigators  whose  data 
wh  hay«  used  and  the  above  comparisons  demonstrate,  within  their  limitations,  that  this  may  very  we!! 
be  so. 


The  tables  presented  in  Appendix  A should  be  more  than  adequate  for  most  engineering  applications 
and  can  also  serve  as  a basis  for  evaluating  the  potential  of  the  methods  that  could  be  employed  to 
measure  salinity  or  specific  gravity  for  oceanographic  work. 
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6.  REQUIREMENTS  FOR  THE  DETERMINATION  OF 
SALINITY  AND  SPECIFIC  GRAVITY  (DENSITY)  USING 
THE  INDEX  OF  REFRACTION  OF  SEAWATER 


In  this  section  we  consider  a subject  that  has  been  constantly  recurring  in  the  oceanographic  liter- 
ature - namely  that  of  using  the  index  of  refraction  to  obtain  other  properties  of  seawater  (salinity, 
specific  gravity).  This  subject  rais.es  two  questions,  (1)  whether  the  sought-after  relationship  is  mean- 
ingful (i.e.,  single  valued,  with  small  variance,  etc.)  and  (2)  whether  such  a relationship  can  be  routinely 
measured  with  sufficient  accuracy  to  comprise  an  alternative  to  presently  accepted  methods  of  obtaining 
salinity  and  specific  gravity.  Specific  gravity  will  be  considered  here  in  the  form  of  cr,  (defined  in  Sec- 
tion 3),  i.e.,  at  atmospheric  pressure. 

Let  it  be  stated  at  the  outset  that  the  reason  specific  gravity  is  generally  employed  instead  of 
density  is  because  specific  gravity  is  a relative  quantity*  and  can  be  measured  more  easily  than  density. 
As  a matter  of  fact,  the  determination  of  the  (absolute)  density  of  seawater  has  not  as  yet  been  accom- 
plished, and  is  a subject  occupying  the  Joint  Panel  on  Oceanographic  Tables  and  Standards  under  the 
sponsorship  of  UNESCO. 

The  presently  accepted,  most  accurate  method  of  obtaining  the  salinity  is  through  the  conductivity 
ratio,  i.e.,  the  ratio  of  electrical  conductivities  between  a seawater  sample  and  Copenhagen  Standard 
Seawater,  preferably  at  15°C(to  suppress  degassing).  This  method  enables  the  determination  of  salinity  to 
0.001  %0.  Present-day  routine  methods  need  not  be  as  precise  but  they  must  be  more  precise  than  0.01  °/B0. 

In  order  to  obtain  values  of  specific  gravity  at  to  an  accuracy  of  0.001  it  is  also  necessary  to 
nsaSuTo  temperature  to  an  accuracy  of iG.GGPC.  For  routine  method's,  however,  an  accuracy  of  slightly 
better  than  0.01  in  <7t  is  sufficient. 


Specific  gravity  is  the  ratio  of  the  density  of  a seawater  sample  at  some  temperature  t to  the  density  of  pure 
water  at  4°C  end  is  a dimensionless  Quantity. 


The  distinction  between  a laboratory  maasurement  which  establishes  a relationship  and:the  routine 
measurements* which  use  it  must  be  made,  since  the  required  accuracy  is  approximately,  an  order  of  mag- 
nitudegreaterfor  the  former-than  fqrlhe  latter, 

Preliminary  to  our  discussion,  it  is  assumed  that  any  such  relationship  will  be  established  at  atmos- 
pberic  pressure,  so  that  the  pressure  will  not  be  considered  as  a variable.  In  addition,  the  index  of  refrac- 
tion  measuremants  must  be  performed  at  a generally  accepted  wavelength.  Mostofthe.early  work  favored 
the  Sodium  D*lines  (583:0  and  589.6  ntn,  with  the  mean  value  589:3  nm)  which  are  a doublet  and  are  un- 
suitable for  the  present  purpose.  Rusby  (1967)  has  used  the  green  Hg-line  (546,22/  nm  in  vacuo)  which 
we  consider  to  be  a good  choice. 


SALINITY  TO  INDEX  OF  REFRACTION  RELATIONSHIP 

A quick  reference  to  Table  A-3(e)  in  Appendix  A indicates  that  a typical  salinity  gradient  is,dn/ds  = 
0.0002  per  unit  of  salinity  (1°/co).  Therefore,  in  order  to  obtain  salinities  to  0.001  %o  it  is  necessary  to 
measure  the  index  of  refraction  to  0.0000002,  i.e.,  two  units  in  the  seventh  decimal  place,  and  this  under 
a temperature  control  greater  than  0.01  °C. 

If  this  could  be  done  in  a laboratory  experiment  to  establish  a goal  relationship  with  little  scatter 
in  the  correlation,  then  routine  methods  for  the  determination  of  salinity,  toO.01  need  only  be  accurate 
to  0.000002,  i.e.,  two  units  in  the  sixth  decimal  place.  This  places  awesome  demands  on  the  measurement 
of  the  index  of  refraction.  A more  convenient  method  is  to  measure  the  refractive  index  anomaly,  i.e.,  the 
difference  in  index  fcetween  a sample  and  Copenhagen  Standard  Seawater,  Which  Rusby  has  so  success- 
fully (and  laboriously)  done  to  an  accuracy  of  0.0000004,  i.e.,  four  units  in  the  seventh  decimal  place 
(see  Sections  2 and  5).  With  this  accuracy  and  with  temperature  control  better  than  0.01  °C  the  relation- 
ship of  index  of  refraction  to  salinity  can  provide  salinities  to  O-OCG0/,*,.  This  is  exactly  what  Rusby  did, 
and  developed  a polynomial  expression  providing  salinity  (from  the  refractive  index  anomaly  and  the 
temperature)  with  a standard  deviation  of  about  0.0055°/OB  (see  Section  5).  To  employ  this  relationship  for 
routine  determinations  of  salinity,  an  interferometric  instrument  would  be  required  and  perhaps  a more 
compact  one  than  was  used  by  Rusby.  The  problems  that  would  arise  - those  of  temperature  control  of  the 
die  two  fluids,  of  the  precise  knowledge  of  the  container  lengths,  of  the  stability  of  the  whole  apparatus 
over  the  long  term,  of  counting  the  fractions  of  interference  fringes,  etc.  - pose  an  interesting  challenge 
to  optical  engineering.  Such  an  instrument  has  been  built  and  used  by  Russian  scientists  (Vel  'Mozhnaya, 
1960)  but  the  mean  accuracy  in  salinity  is  from  0.01  to  0.05°/OB  depending  on  the  size  of  the  cuvette 
containing  the  fluids.  Improvement  of  this  instrument  could  possibly  provide  the  answer  for  routine  work. 
The  above  author  states  that  the  use  of  his  instrument  is  "simple  and  most  convenient." 

Much  less  accurate. measurements  using  the  index  of  refraction  have  been  undertaken  by  Williams, 
Farrugia,  Ekker,  and  Haden  (1964)  who  have  employed  a differential  refractometer  to  obtain  chlorinity  in 
brackish  Louisiana  waters.  They  claim  the  refractive  index  anomaly  can  be  measured  to  ±2x10~s  which 
is  on  amazing  accuracy  for  a small  portable  standard  (non-interferometric)  refractometer.  The  instrument 
uses  a very  small  quantity  of  seawater  but  it  unfortunately  permits  some  evaporation  to  tak8  place,  which 
considerably  reduces  its  real  accuracy.  Behrens  (1965)  has  also  discussed  a refractometer  of  low  accuracy 
HV„)  but  of  very  great  range  (0  to  200%B)  to  be  used  in  tidal  pools  and  brines  of  enclosed  waters.  It 


6-2 


is  an  inexpensive  instrument  to  be  used  for  crude  determinations  and  is  certainty  inadequate  to  meet  the 
requirements  exposed  above. 


SPECIFIC  GRAVITY  (ot)  TO  INDEX  OF  REFRACTION  RELATIONSHIP 

To.  determine  a correspondence  between  index  of  refraction  and  at,  two  possible  methods  exist.  The 
first  would  measure  the  temperature  and  then  the  salinity  using  the  index  of  refraction  as  described  above, 
and  then  indirectly  compute  ot  through  the  analytical  expression  provided  by  Cox,  McCartney  and  Culkin 
(1970).  This  would  perhaps  be  the  simplest  way.  The  second  would  actually  perform  simultaneous  measure- 
ments of  specific  gravity  and  of  the  index  of  refraction  at  the  same  temperature  in  order  to  develop  a 
direct  relationship  between  the  two.  To  obtain  <rt  to  0.001  (i.e.,  specific  gravity  to  0.000001)  it  is  neces- 
sary to  measure  the  index  to  2x10"7  and  the  temperature  to  better  than  0.01  °C.  Here  again  a comparative 
method,  based  on  the  difference  from  Copenhagen  Standard  Seawater  would  greatly  facilitate  matters,  but 
is  hot  as  simple  as  was  the  case  with  salinity.  Having  established  a relationship  between  index  andcrt, 
an  interferometer  could  be  calibrated  so  as  to  provide  ot  directly  when  the  temperature  is  known.  The 
application  of  this  method  would  be  fraught  with  the  same  difficulties  as  would  be  that  for  the  determina- 
tion of  salinity,  mentioned  above.  Bein,  et  at.  (1935),  see  Sections  2 and  5,  actually  developed  such  an 
interferometer  which  provided  values  of  the  parameter  p17  5 (see  Eq.  3.9)  for  which  temperature  cor- 
rections could  be  obtained  from  an  accompanying  table.  Measurements  obtained  in  this  manner  were 
reported  to  0.001  with  the  implication  that  p,7-5  and,  therefore,  also  a,  can  be  determined  to  the  same 
accuracy.  (See  Eq.  5.8.) 

We  do  not  have  much  faith  in  the  possibilities  of  an  interferometer  to  directly  provide  values  of 
to  this  great  accuracy  (not  just  precision),  and  our  reasons  are  explained  below.  If,  however,  we  are 
proved  wrong  and  this  procedure  can  be  put  into  practice,  it  would  signify  considerable  progress  and 
greatly  improve  oceanographic  procedures.  Should  such  a breakthrough  be  achieved,  the  construction  of 
a similar  underwater  instrument  could  be  envisioned.  It  would  be  used  in  much  the  same  way  as  today's 
CTD  (conductivity/temperature/depth  meter)  is  employed  to  obtain  measurements  in  situ. 


RELEVANCE  OF  INDEX  MEASUREMENTS  FOR  OCEANOGRAPHIC  PURPOSES 


Wa  now  return  to  the  more  fundamental  question  mentioned  earlier,  of  whether  a relationship  between 
the  ndex  of  refraction  and  salinity  or  specific  gravity  can  actually  be  meaningful,  i.e.,  whether  actual 
measurements  will  have  very  little  scatter  around  some  functional  relationship  that  could  provide  salinity 
to  ± 0.001  °/00  or  <rt  to  ± 0.001  when  the  index  of  refraction^  is  measured  to  two  units  in  the  seventh 
decimal  place. 


The  printing i difficulty  lies  with  the  problem  of  constancy  cf  composition  of  seawater  (see  Sec- 
tion 3).  To  attain  the  accuracies  stated  above,  it  is  obvious  that  all  ionic  constituents  contributing  more 
than  one  part  per  million  by  weight  must  retain  a constant  concentration  ratio  with  respect  to  the  Cf  ion. 
This  includes  quite  a large  number  of  chemical  species,  the  must  important  of  which  are  Cf,  Na,  S04, 
Mg,  Ca,  K,  HC03,  Br,  Sr,  B,  F,  (Riley  & Chester,  1971 ). 


1 or  the  refractive  index  anomaly 


6-3 


The  compositiooisactually  only  approximately  constant  but  it  holds  better  in  the  open  oceans  where 
the.  salinities  rarfge  only  between  3 'i  and'37%,,  than  it  does  in  coastal  regions  where  dilution  with  river 
water  occurs,  River  water  as  a rule  contains  very  little  CL,  and  the  ratios  of  S04/C!,  HC03/Cf>  K/Na, 
Mg/Na,  Ca/Mg  are  much  .greater  ttyan  in  seevyater.  Thus.  the  coniposition-of  the  Baltis-and  Black  Seas  is 
appreciably  altered.  The  deep  ocoans  also  have  a higher  Ca/C£  ratio  and  also  possibly  a higher  Mg/C t 
ratio.  In  anoxic  basins  S04/C l is  decreased,  due  to  the  increase  in  sulphide.  Freezing  (sea  ice)  aiso 
tends  Ip,  fractionate  the  elements  of  seawater.  In  addition,  precipitation  and  dissolution  of  carbonate 
minerals  (e.g.,  the  Bahama  Banks),  submarine  volcanism  (e.g.,  the  oceanic  ridges),  admixture  with  geo- 
logical brines  {e.g.,  the  Red  Spa),  all  tend  to  alter  the  composition  of  seawater.  Evaporation  in  isolated 
basins  and  exchange  of  ions  with  the  atmosphere  also  have  an  appreciable  effect  on  seawster  composition. 

. From  another  point  of  view,  the  isotopic  composition  of  the  water  itself  can  be  of  inportance  for 
precision  work  (Cox,  McCartney,  Culkin,  1958)  and  the  amount  of  dissolved  gases. also  affect  the  com- 
position to  some  extent. 

Because  of  these  factors,  all  of  which  contribute  to  the  alteration^  the  composition  of  seawater 
which'in  turn  affects  the  various  physical  properties  in  different  ways  leading  to  ncninvariant  relation- 
ships, the  wlidity  of  a direct  relationship  between  index  of  refraction  and  salinity  or  specific  gravity 
(to  some  specified  accuracy)  must  be;very  carefully  examined. 

It  should  also  be  noted  that  even  though  an  increase  in  the  number  of  ions  in  seawater  generally 
contributes  to  an  increase  in  index,  salinity,  and  specific  gravity,  the  Mg  ions  contribute  negatively  to 
the  index -of  refraction  (see  Table  3-1).  This  makes  the  requirement,  of  constancy  of  conposition  all  the 
more  evident. 

As  an  indicatipn  of  conditions  in  actual  practice,  Rusby's  (1967)  work  may  serve  as  an  example, 
(see  Sections  2 and  5).  In  his  work  a third-decree  pclynominal  fitted  to  the  data  to  relate  refractive  index 
anomaly  to  salinity,  showed  a standard  deviation  in  S of  0.0055 from  the  experimental  points.  However, 
the  maximum  deviation  of  the  computed  values  from  the  true  - as  contrasted  with  the  experimental 
values  --  is  supposed  to  be  less  than  this.  It  was  also  found  that  larger  deviations  appeared  below 
S = 35%,.  Rusby  stated  that  for  routine  application  of  refractive  index  maasurements  to  derive  salinity, 
the  single  most  important  factor  is  the  water  handling  problem  — transfusion,  rinsing  of  containers,  con- 
tamination, and  evaporation  - the  errors  from  which  are  almost  impossible  to  quantify. 
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7.  EXAMPLES  FOR  USIN6  THE  INDEX 
OF  REFRACTION  TABLES 


The  tables  of  the  index  of  refraction  of  seawater  have  all  been  placed  in  Appendix  A for  ease  of 
reference.  Their  use  is  quite  straightforward,  and  linear  interpolation  between  the  listed  values  is  satis* 
factory  throughout 

Tables  A-1(a)  through  (p),  A*2(a)  through  (j),  and  A-3(a)  through  (i}  apply  fora  given  constant  wave- 
length and  provide  the  index  of  refraction  for  any  temperature  and  salinity  at  atmospheric  pressure.  Table 
A-4{a)  through  (t)  applies  for  given  constant  salinities  and  provides  the  behavior  with  wavelength  and 
temperature  at  atmospheric  pressure.  Table  A-SfaLib)  enables  the  computation  of  index  at  pressures 
above  atmospheric  for  any  wavelength  and  temperature  but  only  at  35V00  salinity,  while  Table  A-6{a),{b) 
does  the  same  for  S = 0%,  (pure  water}. 

The  first  four  examples  below  provide  the  index  for  atmospheric  pressure  and  serve  to  demonstrate 
the  use  of  the  tables,  while  Examples  5 and  6 apply  to  higher  pressures. 


Example  1 

To  find  the  index  of  refraction  for  values  explicitly  listed,  simply  look  up  the 
appropriate  table. 

e.g.:  For  A = 546.1  nm.  T = 18°C,  S = 34%,  from  Table  A-3(e). 

n=  1.34093 


Example  2 

If  the  value  of  any  parameter  is  not  explicitly  listed,  interpolate  linearly  between 
those  values  bracketing  the  parameter. 

e.g.:  For  A = 546.1  nm,  T = 18°C,  S = 34.48°/00  interpolate  linearly  between  the 
salinities  34°/M  and  35°/,,  from  Table  A-3(e). 


S=34V„  S=35*/„ 

T=18°C  1.34093  1.34112 


S = 34.48%, 


T=18°C  1.34102 


thus,  n=  1.34102 
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Exempt*  3 


To  find  the  index  for  X = 546.1  run,  T = 18.2°C  and  S = 34.48%0#  proceed  as 
follows,  interpolating  both  for  temperature  and  salinity,  fiom  TableA-3{e}.  The 
order  of  interpolation  is  immaterial. 


S=  34*4.  S = 35%, 


S = 34.48*4, 


T = 18-  C 
T = 20°C 


1.34093 

1.34112 

1.34073 

1.34092 

T=  18°C 
T=20°C 


S=  34.48*4, 


1.34102 


1.34C32 


T=  18.2°C 


1.34100 


thus.,n=  1.34100 


Example# 

To  find  the  index  for  A = 507 nm,  T = 21.3°C,  S = 34.88%,  none  of  which  is 
explicitly  listed  in  the  tables,  proceed  as  in  Example  3 for  the  wavelengths, 
500 nm  and  520 nm  from  Tables  A-1{f)  and  (g),  and  then  interpolate  between  the 
two  wavelengths. 


A = 500nm 


A ~ 520nm 


S:  34%. 

S = 35*4, 

T = 20°  C 

1.34276 

1.34295 

T=  22°C 

1.34255 

1.34273 

S = 34*4, 

S=  35*4, 

T=  20eC 

1.34181 

1.34200 

T = 22°C 

1.34160 

1.34179 

S=  34.88*4, 


T = 20°C  1.342327 


T=22°C  1.342706 


S=  34.88*4, 


T=20°C 

T=22°C 


1.341977 

1.341767 


0 


S=  34.88*4, 


T - 21.3°C 


1.342784 


c 


A = 507nm 


1.34245 


S = 34.88%. 


T=21.3°C 


1.341840 


thus,  n=  1.34245 

To  obtain  die  index  of  refraction  at  pressures  above  atmospheric.  Table  A-5  and/or  A-6  are  to  be 
vHcd'lii  Conjunction  with  Tabios  A*T  through  A-4. 

Since  A-5  and  A-6  hold  for  S = 35%,  and  S = 0%«  respectively,  it  is  necessary  to  first  find  the 
index  et  the  particular  combination  of  wavelength,  temperature,  and  pressure  for  S = 35%,  and  repeat  the 
sen<e  f or  S = 0%,.  Finally  interpolate  linearly  the  two  resulting  values  to  arrive  at  the  desired  index  for 
the  specified  salinity.  The  following  two  examples  will  demonstrate  their  use. 
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Ex  an*  I#  6 


Find  the  index  of  refraction  of  standard  seawater  (35°/08),  for  the  wavelength 
A =.  457.9 nm,  at  T = 18°C,  and  p = 250  kg/cm2  gage.  These  values  of  the  three 
parameters  are  explicitly  listed,  so  proceed  as  follows:  First,  find  the  index  at 
atmospheric  pressure  using  Table  A-2(b);  then,  add  the  increment  given  in  Table 
A-5(a);  and  finally,  add  algebraically  the  increment  given  in  Table  A-5(b).  Thus, 

From  Table  A-2(b)  (atmospheric  pressure) 

From  Table  A-5(a) 

From  Table  A -5(b)  linearly  interpolating 
between  A = 440nm  and  A = 460nm 

1.34906 

therefore,  n = 1 .34906 


Ex«nple  6 

In  order  to  find  the  index  for  the  same  wavelength,  temperature,  and  pressure  as 
in  Example  5 but  for  a salinity  of  30°/oo,  use  must  be  made  of  both  Table  A-5 
and  A-6. 

For  the  salinity  35°/00  we  found  n = 1.34906  above. 

For  the  salinity  0°/BB(pure  water)  we  have: 

From  Table  A-2(b)  (atmospheric  pressure) 

From  Table  A-6(a) 

From  Table  A-6(b)  linearly  interpolating 
between  A = 440  arid  460  nm 

n = 1.34242 

It  is  now  only  necessary  to  interpolate  linearly  between  the  two  salinities. 

A = 457.9  nm 
T=18°C 
p = 250  kg/cm  J 

thus  n = 1.34811 


S=  35  V*,,  n = 1.34 90S 


S = 0*4, , n = 1.34242 


n = 1.33890 
An  = +0.00350 

An  = +0.00002 


n = 1.34553 
An  = +0.00351 

An  = +0.00002 


I 


In  any  usa  of  the  tables  of  index  of  refraction,  linear  interpolation  is  satisfactory  for  providing  the 
value  of  index  to  the  fifth  decimal  place  since  the  tables  have  been  quite  densely  interpolated.  Tablos 
A-1  through  A-4  have  an  accuracy  "within"  3x  10"s,  while  table  A-5  is  accurate  to  ±6x  1(TS  and 
Table  A-6  to  ± 10  x 10~s. 

We  have  compiled  hare  some  representative  veiuss  of  the  index  of  refraction  of  seawater  for  extreme 
values  of  the  parameters,  namely  T = 0 and  30°C,  S = Oand  35%0,  A = 400  and  700nm,  p=  Oand  1000 
kg/cm2  gage,  the  index  of  refraction  is  a function  n(T,S,A,p)  so  we  have  also  presented  the  partial 
derivatives  to  indicate  the  magnitudes  of  these  quantities. 


Table  7*1.  The  index  of  refraction  and  its  derivatives,  computed  for  extreme  values  of  the  four  param- 
eters, 5.e.  at  A = 400  and  700nm,  S = 0 and  35fl/00,  T = 0 and  30°  C,  P «*  0 and  1100  kg/cm2  gage. 


p 

kg/cm2 

S 

°/„o 

Q 

n 

An 

v IflS 

An  x 10s 

An 

v ins 

An  xl0S 

1 nm 

1 °/ 

1°C 

1 kg/cm2 

0 

0 

0 

400 

1.344185 

-9.02 

20.65 

- 0.75 

1.62 

0 

0 

0 

700 

1.331084 

-2.18 

19.46 

- 0.25 

1.60 

0 

0 

35 

400 

1.351415 

-9.27 

20.65 

- 4.85 

1.56 

0 

0 

35 

700 

1.337906 

-2.25 

19.46 

- 3.15 

1.52 

0 

30 

0 

400 

1 .342081 

-8.94 

19.05 

-12.10 

1.38 

0 

30 

0 

700 

1.329128 

-2.09 

17.66 

-11.50 

1.36 

0 

30 

35 

400 

1.348752 

-9.30 

19.05 

-12.95 

1.40 

0 

30 

35 

700 

1.335316 

-2.17 

17.66 

-12.55  , 

1.36 

1100 

0 

0 

400 

1.360076 

-9.17 

19.46 

-11.25 

1.32 

1100 

0 

0 

700 

1.346604 

-2.28 

18.14 

-10.75 

1.28 

1100 

0 

35 

400 

1.366885 

-9.42 

19.46 

-11.85 

1.24 

1100 

0 

35 

700 

1.352956 

-2.40 

18.14 

-10.15 

1.20 

1100 

30 

0 

400 

1.356281 

-9.09 

18.74 

-16.10 

1.18 

1100 

30 

0 

700 

1.342958 

-2.19 

17.22 

-15.50 

1.14 

1100 

30 

35 

400 

1.362842 

-9.45 

18.74 

-14.45 

1.16 

1100 

30 

35 

700 

1.348986 

-2.32 

17.22 

-14.05 

1.12 

NOTE:  The  above  derivatives  are  actually  mean  slopes  over  some  interval,  namely,  10  nm  for  An/AA, 
2°C  for  An/AT,  50  kg/cm2  for  An/A p.  In  the  case  of  salinity  the  interval  is  immaterial  since  the 
functional  behavior  is  linear  and  the  slope  is  constant  over  the  whole  range. 
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APPENDIX  A.  TABLES  OF  THE  INDEX  OF 
REFRACTION  OF  SEAWATER 


Tables  of  smoothed,  interpolated  indices  of  refraction  of  seawater  are  presented  in  Appendix  A. 
The  ranges  of  the  variables,  salinity,  temperature  and  pressure  cover  those  of  interest  in  oceanography. 
Wavelengths  are  limited  to  the  visible  spectral  region,  i.e.,  400  to  700  nanometers.  For  most  applications 
the  desired  index  can  be  obtained  either  directly  from  Tables  A-1  through  A-4  or  by  linear  interpolation 
between  adjacent  values  in  one  of  these  tables.  Should  the  index  be  required  at  other  than  atnospheric 
pressure,  the  user  must  resort  to  Tables  A-5  and  A-6  to  obtain  an  index  correction  or  increment  which 
must  then  be  applied  to  the  index  value  for  atmospheric  pressure  obtained  from  Tables  A-1  through  A-4. 
For  many  problems  involving  high  pressures  the  salinity  will  be  close  to  35°/00  and  in  these  cases  the 
required  index  increment  can  be  obtained  using  Tables  A-5(a,b)  only.  Section  7 details  the  procedures 
to  be  used  in  utilizing  the  tables. 

Immediately  preceding  each  group  of  tables  some  summary  information  is  presented  on  their  use, 
format  and  data  base.  Details  regarding  the  selection  of  the  primary  input  data  and  the  procedures  used 
in  generating  the  tables  are  presented  in  Section  4.  Because  of  the  multidimensional  nature  of  the  tables 
and  the  difficulty  of  visualizing  the  manner  in  which  the  index  varies  with  the  four  independent  variables, 
a set  of  six  three-dimensional  plots  is  presented  in  Fig.  A-1,  each  showing  index  as  a function  of  two 
variables  with  the  other  two  held  constant.  Figures  A-la,  b,  and  c are  for  a fixed  wavelength  (550  nano- 
meters) and  show  typical  index  surfaces  for  combinations  of  two  of  the  three  oceanographic  variables, 
temperature,  salinity,  and  pressure.  Figures  A-ld,  e,  and  f all  have  wavelength  displayed  along  the 
horizontal  abscissa  and  shew  the  dispersion  surface  for  the  oceanographic  variables.  Conventional 
two-dimensional  plots  are  presented  as  Figs.  4-2,  4-3,  and  4-4  in  the  text. 

The  Tables  A-1  through  A-6  that  follow  are  separated  into  three  groups.  Tables  A-1,  A-2,  and  A-3 
present  the  dependence  of  index  on  temperature  and  salinity  at  atmospheric  pressure  for  various  particular 
wavelengths.  Table  A-4  presents  the  index  dependence  on  temperature  and  wavelength  at  atmospheric 
pressure  for  particular  salinities.  Finally,  Tables  A-5  and  A-6,  which  are  directly  additive  to  Tables  A-1 
irsougn  A-4,  permit  extension  of  the  latter  to  higher  pressures  for  any  temperature,  wavelength,  and 
salinity. 

The  values  of  index  of  refraction  are  with  respect  to  air. 


A-1 


Three-dimensional  plots  of  the  Index  of  refraction  of  seawater  as  function  of  salinity,  temperature,  pressure,  and  wavelength.  In  each 
plot  two  of  the  variables  have  been  held  fixed  as  indicated.  Each  plot  starts  at  the  same  index  value,  viz.  1.330,  and  has  the  same 
vertical  scale  to  a Id  In  the  visin  llzution  of  the  relative  effect  changes  in  each  of  the  parameters  have  on  Index. 


TABLES  A-1,  A-2,  A-3 
Atmospheric  Pressure 


These  tables  have  been  based  on  the  data  of  Mehu  and  Johannin-Gilles  (1968).  Three  of  their  original 
chlorinities  have  been  discarded.  The  abridged  table,  on  which  our  tables  have  been  based,  is  given  as 
Table  4-2  in  Subsection  4.2  and  includes: 


Wavelength:  404.7{Hg),  435.8(Hg),  467.8<Cd),  480.0(Cd),  408.5{Cd),  546.1(Hg), 

577.0{Kr),  579.1(Hg),  589.3(Na),  643.8{Cd)  nm 

Chlorinity:  0.0,  19.373700 


Salinity:  0.0,  34.998  %0  (computed) 


Temperature:  1°.  5°,  10°,  15°,  20°,  25°,  30°C 


These  tables  give  the  temperature  and  salinity  dependence  of  the  index  of  refraction  of  seawater 
(with  respect  to  air)  at  atmospheric  pressure  for  particular  wavelengths.  They  are  accurate  to  "within" 
3 x 1CT5  in  the  interpolated  wavelength  range  of  404.7  to  643.E  nm  and  slightly  less  accurate  outside 
this  range. 

Table  A-1:  For  an  equispaced  wavelength  increment  of  20  nm  and  covers  the 
range  400  to  700  nm.  For  closer  spacing,  see  Table  A-4. 


Table  A-2:  For  selected  laser  lines;  namely,  441.6(HeCd),  457.9(A),  476.5(A), 
488.0(A),  496.5(A),  514.5(A),  532.0(NdYag),  568.2(Kr),  632.8(He), 
647.1  (Kr). 

Tuuie  A-o.  For  w-G's  original  wavelengths  given  above,  except  for  A = 480.0nm 
included  in  Table  A-1. 


The  temperatures  are  given  every  2°C  between  0 and  30°C  and  the  salinities  every  5°/ao  between 
Oand  30%o  and  every  1°/00  between  30  and  43°/00. 


Table  A-1.  index  of  refraction  of  seawater 

Equispaced  Wavelengths,  every  20  nm  - Atmospheric  Pressure 


A = 400  nm 


TEMP 

°C 

* 0.0 

5.0 

10.0 

SAL 

15.0 

INITY  <o/( 
20. 0 

») 

25.0 

30.0 

31.0 

32.0 

33.0  1 

0.0 

1.34418 

1.34521 

1.34625 

1.34728 

1.34831 

1.34935 

1.35038 

1.35059 

1.35079 

1.35100 

2.0 

1.34417 

1.34519 

1.34621 

1.34723 

1.34825 

1.34928 

1.35030 

1.35050 

1.35071 

1.35091 

4.0 

1.34413 

1.14514 

1.34616 

1.34717 

1.34818 

1.34Q19 

1.35020 

1.35040 

1.35061 

1.35081 

6.0 

1.34408 

1.14508 

1*34608 

1.34708 

1 .34609 

1.34909 

1.35009 

1*35030 

1.35050 

1.35070 

8.0 

1.34400 

1*34500 

1.34599 

1.34699 

1.34799 

1.34896 

1.34998 

1.36018 

1.35038 

1.35058 

10.0 

1.34391 

1.34489 

1 . 345b9 

1.34688 

1.34787 

1.34886 

1.34985 

1.35005 

1.35026 

1.351)44 

12.0 

1.34379 

1*34478 

1.3457& 

1.34675 

1*3*773 

1.34872 

1.34970 

1.34990 

2. 35UI* 

1.35030 

14.0 

1.34366 

1.34464 

1.34562 

1.34660 

1.34758 

1.34856 

1.34954 

1.34974 

1.3*993 

1.35013 

16.0 

1.34361 

1.34448 

1.34546 

1.34643 

1.34741 

1.34839 

1.34936 

1.3*956 

1.34976 

1.3499i 

18.0 

1.34334 

1.34431 

1.34529 

1.34o26 

1.34723 

1.34820 

1.14917 

1.34937 

1.34956 

1.34976 

20.0 

1.34316 

1.34413 

1.34510 

1.34607 

1.34703 

1 .34800 

1.34897 

1.34916 

1.14936 

1.34955 

22.0 

1.34297 

1.34394 

1.34490 

1.34586 

1.34683 

1.34779 

1.34876 

1.34895 

1.34914 

1.34933 

24.0 

1.34277 

1.34373 

1.34469 

1.34565 

1.34661 

l .34758 

1.34853 

1.34873 

1.3489? 

1.34911 

26.0 

1.34256 

1.34351 

1* 34447 

1.34843 

1 .346*39 

1.34734 

1.34810 

1.34849 

1.3406H 

1.34887 

26.0 

1.34233 

1.34328 

1.34424 

1.34519 

1.34614 

1.34710 

1.34805 

1.34825 

1.34844 

1.34863 

30.0 

1.34209 

1.34304 

1.34399 

1.34494 

1.34689 

1.34685 

1.34780 

1.34799 

1.34818 

1.34837 

34.0 

35.0 

36.0 

37.0 

30.0 

39.0 

40.0 

41  .0 

42.0 

43.0 

0.0 

1.35121 

1.35141 

1.35162 

1 .351*3 

1.35203 

1.35224 

1.35245 

1.35265 

1.35286 

1.35307 

2-0 

1.35111 

1.35132 

1.35152 

1.35173 

1*35193 

1.35213 

1.352>4 

1.36264 

1.35276 

1.35245 

4.0 

1.35101 

1.35121 

1.35141 

1.35162 

1.35182 

1.35202 

1.35222 

1.35243 

1.35263 

1.35283 

6.0 

1.36090 

1.35110 

1.35130 

1.35150 

1.35170 

1.35190 

1.3521*1 

1.15230 

1.35250 

1.35270 

6.0 

1.35078 

1.35098 

1.35117 

1.38137 

1.351*; 

1.35177 

1.35197 

1.36217 

1.35237 

1*3524? 

10.0 

1.35064 

1.35084 

1.35104 

1.35124 

1.35143 

1.35163 

1.15183 

1.352'Ji 

1.35223 

1.35243 

12.0 

1 .3504Q 

1.35069 

1 .35089 

1.35108 

1.35128 

1.3514'J 

1.36168 

1.35187 

l 35207 

1.36227 

14.0 

1.35032 

1.46052 

1.35072 

1.35091 

1.35111 

1.35131 

1.35150 

1.15170 

1.351H9 

1.35209 

16.0 

1.35014 

1.35034 

1.35053 

1.35078 

1.35092 

1.351)2 

1.35131 

1.381M 

1.3517* 

1 .35190 

IR.O 

1 .349Q5 

1.35014 

1.35034 

1.35053 

1.35073 

1.35092 

1.35111 

1.36131 

1.3515* 

1.35170 

20.0 

1.34974 

1.34994 

1.360*3 

1 .3*011 

1.35f«*2 

1.35071 

1.36091 

1.35lb» 

1.34l?<» 

1.35149 

22.0 

1.34963 

1.349 n 

1.34991 

1.35011 

1.35*30 

1.15049 

1*15069 

1 • 3600- 

1. 36107 

1.351 *6 

24.0 

1.34930 

1.34950 

1.34969 

1.349*8 

1.35007 

1.35026 

l.)*SJ4o 

1 .35066 

1.3VU84 

1.351*3 

26.0 

1.34907 

1.34926 

1.34945 

1.34964 

1*349513 

1.35002 

l . 1M  2? 

1.58041 

1.35060 

1.35079 

28.0 

1 .34882 

1*34901 

1.34920 

1.34939 

1.34956 

1.3*977 

1.349**7 

1.34'>l6 

1.1-036 

1.15064 

30.0 

1.34*56 

1.34875 

1.34HV4 

1*1491) 

! .14932 

1.34961 

1.  1497C 

1.1*989 

I • 16*08 

1.361'?# 

A = 420  nm 


°c 

0.0 

5.0 

10.0 

15.0 

70.0 

JO) 

25.0 

30.0 

31.0 

32.0 

33. p 1 

0*0 

1.34243 

1.34345 

1.34440 

1.34550 

1.34653 

1.34756 

1.34858 

1.348?9 

1.34899 

1.34920 

2.0 

1.34241 

1.34343 

1.34444 

1.34546 

1.34447 

1.14749 

1.34850 

1.34871 

1*34891 

1.34911 

4.0 

1.34210 

1.34338 

1.344^9 

1.34540 

l .34o40 

1.14741 

1.34841 

1.34861 

1.34881 

1 .34901 

6.0 

1.34232 

1.34332 

l.3*'.32 

l. 3**31 

1.34631 

1.3*731 

1.14830 

1.34850 

1.3*870 

1.34890 

8.0 

1.34225 

1.34324 

1.34423 

1.34521 

1.34620 

1.J4719 

1.148)8 

1.3483« 

1.34858 

1.34  076 

10.0 

1.34215 

1.34313 

1.34412 

1.34510 

1.34608 

1 .34707 

1.3483* 

1.34025 

1.34044 

) . 346*4 

12.0 

1.34204 

1.34301 

1.34399 

1.34497 

1.34595 

1.14692 

1.34790 

1.34809 

1.3*820 

1.3*040 

14.0 

1.34191 

1.34285 

1.34385 

1.34482 

1.34579 

1 .14676 

1.34774 

1 ,14793 

1*3481) 

1.140  V 

16.0 

1.34176 

1.3427/ 

1.34369 

1.34466 

1.346* 3 

1.34659 

1.34766 

1.1*775 

1.34793 

1.3*81* 

18.0 

1.34160 

1.34256 

1.34352 

1.34449 

1.34646 

l.;464J 

1.34738 

1.34757 

1.34776 

1.3*795 

20.0 

1.34142 

1*142 18 

1.34>34 

1.34430 

1.14426 

1.34622 

1.34716 

1.14717 

1.3*747, 

1.3*775 

22.0 

1.3412} 

1.34219 

1.34314 

1.34410 

1.34505 

1.14601 

1.34697 

1.34716 

1.3*73'. 

1.3474* 

24.0 

1.34102 

1.34198 

1.34293 

1.34388 

1.34404 

1.14579 

1.14674 

1.3469  « 

1.3471? 

1.34731 

26.0 

1.34081 

1.34176 

1.34271 

1*34366 

1,  }<,660 

I.3<.S3» 

1.3*460 

I .3*661 

1.34688 

1.34707 

26  .0 

1.34058 

1.5-15? 

1.34247 

1.34342 

1.34436 

1.1*531 

1.1*626 

1.14645 

1.34663 

1.3480*, 

30.0 

1.34034 

1.34121 

1.34222 

1.34317 

1.344H 

1.14505 

1 .34600 

1.34619 

1.34637 

1.3*646 

34.0 

36.0 

36.0 

37.0 

18.O 

19.0 

40.0 

*l.U 

*2.0 

*3.1' 

0.0 

1.3494U 

1.34961 

1.34961 

1.35002 

1.15023 

1.15043 

1.15063 

) .35084 

l.  151 O* 

1.34129 

2.0 

1.34931 

1.34952 

1.34972 

1.34992 

1.35013 

1.1503> 

i.'»rs> 

1.35.3  7* 

1.35094 

1.3511* 

4.0 

1.3*921 

1.14941 

X. 349*2 

t.  34982 

1.15002 

1.15 

1. 

1.15062 

1*3508? 

1.3510/ 

6*0 

1.34910 

1*34910 

1.34950 

1.34970 

1.34900 

i.iwlv 

1. 140 JQ 

1.15049 

1.35070 

1.(5009 

6.0 

I. 34898 

1.34917 

1.34917 

1.34967 

1.34977 

1.14596 

1.15016 

1.15036 

1 . 35056 

1.3507* 

10.0 

1 .34084 

1.3490  3 

1.34923 

1 .3***3 

1. ■>*■<#•; 

1.3498? 

1.35002 

1.15021 

1.350*1 

1. 15»60 

j?.n 

1. 34868 

!.}*»«« 

1. 34907 

1.14927 

l .1*94* 

1 . «*. Oak 

1 < UOIU 

t ^ 

* < 

14.0 

1 .3**  5 1 

1.14871 

i .14*99 

1.34910 

1.34929 

l • *4949 

1.34968 

1.14988 

) .*5007 

1.35u?6 

16.0 

1. }4t3l 

1.14453 

1. 34872 

1.3409? 

1.1491  I 

1.14930 

1.14950 

1.14969 

1.3*980 

1.351*00 

16. n 

1.34815 

1.34814 

1.34063 

1 . }‘»7} 

1.1469? 

1. 34911 

1.34930 

1 .14950 

1.3*969 

1.3*980 

20.0 

1.34795 

1.34614 

1. 340*3 

1.34862 

1.14871 

I . <‘iM 

1.34910 

1.14929 

1.3*948 

1 . 3*w*7 

22.0 

1.34T7J 

1*  *4  79? 

1 .14611 

1*34030 

1.  (*840 

1.  X.SBV 

X. 34000 

1.14907 

1.34926 

1. 3*9*9 

24.0 

1* 14740 

1.147  >9 

1.  34  789 

1.140.J1 

1 . 

1 • 1*046 

1.14865 

l.  *480* 

1*  349H3 

l.)*9?2 

76.0 

1.3472ft 

1.14  745 

1.34764 

1.34783 

1.140(2 
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1.3  37*9 
1.337*7 

1.3) 72* 

1.3) 701 
1.33*77 


1.3*12* 

1.3*121 

1.3*110 

1.3*044 

1.3*005 

t .3*010 

1.3*052 
1.3*033 
1.3*01) 

1.3  3*43 
1.33*72 

1.3  3*51 
1.33924 

1.3  3*05 
1.33001 

1.3  305* 


1.33*3) 

1.33*** 

1.33*3* 

1.33*2* 

1.33*1* 

1.33*00 

1.334** 

1.330*7 

1.330*4 

1.3342* 

1.3300* 

1.3)740 

1.3370* 

1.337*3 

1.33714 

1.33*45 


I.  3*1*4 
I. 3*1*0 
1.3*130 
1.3*110 
1.3*10* 

1.3*071 

1.3*032 

1.3*032 

1.3*012 

1.3) 441 
1.334*4 
1.334** 
1.33*22 

1.3) 040 
1.3307* 


Table  A-1.  (corn) 


I <1 


TEMP 

°C 

1 0.0 

5.0 

10.0 

Ml 

15.0 

-OOTY  (», 
20.0 

fmi 

25.0 

30.0 

31.0 

32.0 

33.0  ' 

0*0 

1.33751 

1.333*9 

1 .33**7 

1.335*5 

t.33**3 

1.337*1 

1.33*60 

1.33*59 

1.33079 

1.33*9* 

2*0 

1.33250 

1.333*7 

1.33*** 

1.335*1 

1.33*3* 

1.33735 

1.33033 

1.33*52 

1.33*72 

1.33*91 

4.0 

1.3325* 

1.333*3 

1.33*39 

1.33535 

1.33*31 

1.3372* 

1.33*2* 

1.33*63 

1.33M3 

1.33*82 

6*0 

1.332*1 

1.3333* 

1.33*32 

1.33527 

1.33*22 

l.  '71* 

1.33*1* 

1.33*33 

1.33*52 

1.33*71 

8*0 

1.3323* 

1.3332* 

1 .33*23 

1.3351* 

1.33*12 

1.33707 

1.33*02 

1.33*21 

1.33*60 

1.33*59 

10*0 

1.33225 

1.33319 

1.33*13 

1.3350* 

1.33*00 

1.33*9* 

1.337*0 

1.33(07 

1.33*2* 

1.339*5 

12*0 

1.332(5 

1.3330* 

1.33*01 

1.33*9* 

1.335*7 

1.33*00 

1.33773 

1.33792 

1.330  10 

1.33*29 

14.0 

1.33203 

1.332*5 

1.333*7 

1.336*0 

1.33572 

1.33*** 

1.33757 

1.33775 

1.3379* 

1.33*12 

16*0 

1.331*9 

1.332*0 

1.33372 

1.33*** 

1.3355* 

1.336*7 

1.33739 

1.33757 

1.3377* 

1.3379* 

18*0 

1.33173 

1.332b* 

1.33355 

1.33*67 

1.3353* 

1.33629 

1.33720 

1.3373* 

1.33757 

1.33775 

20*0 

1.3315* 

1.332*7 

1.33337 

1.33*2* 

1.33519 

1.33*09 

1.33700 

1.3371* 

1.3373* 

1.3375* 

22*0 

1.33138 

1.3322* 

1. 3331* 

1.33*0* 

1.33*99 

1.335*9 

1.33679 

1.33*97 

1.33715 

1.33733 

24*0 

1.3311* 

1.3320* 

1.3329* 

1.333** 

1.33*77 

1.335*7 

1.33657 

1.33*75 

1.33*93 

1.33711 

26*0 

1.330*7 

1.331*7 

1.3327* 

1.333** 

1.33*55 

1.335*5 

1.33635 

1.33*52 

1.33*70 

1.336*9 

28*0 

1.33075 

1.331** 

1.3325* 

1.333*3 

1.33*32 

1.33522 

1.33611 

1.33*29 

1.33*67 

1.336*5 

30*0 

1.33052 

1.331*1 

1.332  30 

1.33319 

1.33*0* 

1.33*9* 

1.335*7 

1.33*05 

1.33*23 

1.33*60 

3*.0 

35.0 

3*.0 

37.0 

11.9 

39.0 

*0.0 

*1.0 

*2.0 

*3.0 

0*0 

1.33*1* 

1.33937 

1.33957 

1.3397* 

1.3399* 

1.3*01* 

1.3*036 

1.3*055 

1.3*073 

1.3*09* 

2*0 

1.33*10 

1.33930 

1.  339*9 

1.339*9 

1.339*8 

1.3*007 

1.3*027 

1.3*06* 

1.3*06* 

1.360*5 

4.0 

1.33901 

1.33920 

1.339*0 

1.33959 

1.3397* 

1.33997 

1.3*01  / 

1.3*03* 

1.3*055 

1.3*075 

6*0 

1.33*90 

1.33  09 

1.3392* 

1.339*7 

1.339*6 

1.33966 

1.3*005 

1.3*02* 

1.3*063 

1 .3*0*2 

8*0 

1.33*77 

1.3369b 

1.33915 

1.3393* 

1.33953 

1.33972 

1.33991 

'..3*010 

1.3*029 

1.3*06* 

10*0 

1.338*3 

1.338*2 

1.33901 

1.33920 

1.3393* 

1.33957 

1.33976 

1.33995 

1.3*01* 

1.3*032 

12*0 

1.3U*** 

1.338*6 

1. 33**5 

1.33903 

1.33922 

1.331*1 

1.33959 

1.3397* 

1.33996 

1.3*015 

14*0 

1.33*31 

1. 33**9 

1. 33**7 

1.35*** 

1.3390* 

1.33923 

1.339*1 

1.339*0 

1.3397* 

1.33997 

16*0 

1.33*12 

1.33*31 

l .33*69 

1. 33**7 

1.338*6 

1.3390* 

1.33922 

1.339*1 

1.3  3959 

1.33977 

18*0 

1.33793 

1.33*11 

1. 33*29 

1.33*6* 

1.331** 

1.33*** 

1.33902 

1.33921 

1.33939 

1.33957 

20*0 

1.33773 

1.33791 

1.33*09 

1.33*27 

1.338*5 

1.33*63 

1.33*82 

1.33900 

1.3391* 

1.3393* 

<2.  0 

1.33751 

1.33770 

1.337*8 

1.33*05 

1.33*2* 

1.33*62 

1.33*60 

1.33*7* 

1.33*9* 

1.3391* 

24.0 

1.33729 

1.337*7 

1.337*5 

1.337*3 

1.33(01 

1.33*19 

1.33*37 

1.33*55 

1.3  3*73 

1.33*91 

26*0 

1.3370* 

1.3372* 

1.337*2 

1.337*0 

1.3377* 

1.33796 

1.33*1* 

1.33*32 

1.33*50 

1.33*6* 

28* C 

1.336*3 

1.33700 

1.3371* 

1.3373* 

1.3375* 

1.33772 

1.33790 

1.33*0* 

1.33*2* 

1.33*63 

30.0 

1.3365* 

1.33*76 

1.33*9* 

1.33712 

1.33730 

1.337*7 

1.337*5 

1.337(3 

1.33*01 

1.33*19 

— SAUKITY  t«/«) 

1).0  20.0  25,0 


J2*0  33.0 


1*33201 
1*33199 
1 • 3319> 
1*33190 
33183 

» *>l ?4 

U331o4 
1.33152 
1*33139 
1*33122 
t*  33H>5 
1.33087 
1*33067 
1*33047 
1.33075 
1 . *3001 


1*33298 
1*33796 
1*33291 
1*33285 
1.332  tl 
1*33268 
1*33257 
1*33244 
1.33229 
1*33213 
1.33196 
1.33177 
• *3157 
. J3136 
1*33114 
1*33090 


1*33396 
1.33393 
1*33387 
1*333  IK- 
1.33372 
1*33361 
1.33350 
1*33336 
1.33)21 

1*33304 

1.33286 

1*33267 

1*33247 

1*33225 

1*3320) 

1.33H9 


1*33494 
1.33490 
1.33484 
1.33476 
1*33466 
1*33455 
1*33442 
1.33428 
1*3341^ 
1*33395 
1*33377 
1.33357 
1*33336 
1*33315 
1*33292 
1*3328 \ 


1 *33592 
1.33587 
1*33580 
1*33531 
1*33  561 
1.33549 
1*33535 
1*33521 
1.33504 
1*53486 
1*33467 
l *33447 
1.33426 
1.33404 
1*33381 
1.33357 


1*33690 

1*33684 

1*33676 

1*33666 

1*33655 

1*33642 

1*33628 

2*33613 

1*33596 

1.33577 

1*33559 

2.33537 

1.33516 

1.33494 

1*33470 

1*33446 


1*33;  3 
1*33781 
1.33772 
1*33762 
1*33750 
1*33736 
1*33721 

1.33705 
1*33687 
1*33668 
1*33648 
1*33627 
1*33606 
1*33583 
1.33559 
1.33535 


1*33807 
1 *)3600 
1*33791 
1*33791 
1*33769 
1*33755 
1«337*iO 
1*33724 
..33706 
1*33687 
1*33666 
l .33645 
1*33624 
1*33601 
1.33577 
1*33553 


1*33927 
1.33820 
1* >391 1 
1*33900 
1*33788 
1.33774 
1.33758 
1.3374  2 
1*33724 

1.33705 
1*33685 
1*33663 
1*33642 
1*33619 
1.33595 
1.33571 


1.33846 
1.33839 
1.33830 
1*33819 

1.33906 
1*33792 
1.33777 
1 33760 
1.3374? 
1.33723 
1*33703 
1*33681 
1*33659 
1.33637 
1*33613 
1.33588 


1*33866 

1.33858 

1*33849 

1*33839 

1.33825 

1*33911 

1.33706 

I 

1.33760 
1.33741 
1*33721 
33700 
1 . 3367 1 
1*33654 
1.33631 
1*33606 


1*33895 
1*33978 
1.33669 
1.33857 
1.33844 
1.33830 
1.33814 
2*33* 9“ 
1.33779 
1.33759 
1 • ) 37  39 
1.33718 
1.33695 
1*33672 
1*33649 
1*33624 


1.33905 

1.33897 

1*338)8 

1*33076 

1*33863 

1*33849 

1*33833 

i * 

1.33797 
1*33778 
1.33757 
1.33735 
1*33713 
1*33690 
1*33666 
1 »33a42 


1*33924 

1*33917 

1.33907 

1.33895 

1.43882 

1.33867 

1.31551 

l*33tl 5 
1*3)796 
1.33775 
1*33753 

1.3)731 
1.33708 
1*33684 
1 *4)660 


1.33944 
1*33936 
1*33926 
1*33914 
1.33901 
1*33886 
1.3?.  870 

1.33834 
1. .33814 
1.33793 
1.33772 
1.33749 
1.33726 
1.33702 
1.33677 


1*33964 
1.33955 
1*33945 
1.33933 
1*33920 
1*33905 
1*33889 
• «•*» 

1*33852 

1*33132 

1*3)811 

1.33790 

1.33767 

*.33744 

1.3)720 

1**369% 


• *3398) 
t. 33975 
1.33965 
1.33952 
!.  )393*» 

*43924 

1.33907 

• «>.nA 

1 1)3870 
1.33850 
1*33029 
1.33809 
1.33785 
1*33762 
1.33738 
1.33713 


• 34003 

..33994 
1.33984 
1.33971 
1.339*8 
1 .33942 
1.33926 

• al«M 

I 3 >3 39 
1 *33869 
1.33848 

1.3) 826 
1*33803 
1.33780 
l*3)7'»  5 

1. 3) 731 


1*34022 
1.34014 
1*34003 
! *3  3950 
1.33977 
1*33961 

U 3 3944 

% llUli 

i l.  3907 
1.1.V87 
1 * 3 >866 
1*33844 

1*32821 

1.33798 

1.3377) 

1.33748 


1*34042 
1.34033 
1.34022 
1.34010 
1.33995 
1*33980 
1*33962 
; • 

1 l 33925 
1.33905 
1*33884 
1*33862 
1*33839 
1.33815 
l.))?9l 
1*33166 


A-10 


Table  A-2 


INDEX  OF  REFRACTION  OF  SEAWATER 

Selected  User  Wavelengths  - Atmospheric  Pressure 


[HeCd]  A = 441.  i MR 


me 

1 0.0 

3.0 

10.0 

IA 

15.0 

LDCTT  (6 

20.0 

/■> 

25.0 

30.0 

31.0 

12*0 

33.0  ' 

0*0 

1.34041 

1.34142 

1.342*4 

1.343*4 

1.36667 

1.345*9 

1.344*1 

1.34711 

1.34732 

1.34752 

2.0 

1.34070 

1.34140 

1.342*1 

1.343*2 

1.344(2 

1.345*3 

1.344*4 

1.34704 

1.34724 

1.34744 

*.o 

1.34074 

1.34174 

1. 34274 

1.36375 

1.34*75 

1.34573 

1.34475 

1.34495 

1.34715 

1.34735 

0.0 

1.34070 

1.3414* 

1.36266 

1.3*347 

1.34*44 

1.36565 

1.3*444 

1.344*4 

1.34704 

1.3472* 

0.0 

1*34043 

1.14141 

1.34259 

1.34337 

1.36656 

1.34334 

1.34452 

1.34472 

1.344*2 

1.34711 

10.0 

1.34033 

1.34131 

1.3424* 

1.34344 

1.36663 

1.34541 

1.3*43* 

1.3445* 

1.3447* 

1.344*7 

12.0 

1.34042 

1.3413* 

1.34235 

1.36332 

1.34429 

1.3452* 

1.34*23 

1.34442 

1.34*42 

1.344*1 

14.0 

1.34020 

1.34123 

1.34221 

1.36317 

1.36616 

1.34510 

1.34*04 

1.34424 

1.34445 

1.34444 

14.0 

1.34014 

1.3410* 

1.36205 

1.34301 

1.36397 

1.344*3 

1.345** 

1.3440* 

1.34*27 

1.34444 

10.0 

1.330*0 

1.340*3 

1.341** 

1.342*4 

1.34379 

1.34475 

1.34570 

1.345*9 

1.34*0* 

1.34*27 

20.0 

1.33*00 

1.34073 

1.34170 

1.34245 

1.34340 

1.34455 

1.34530 

1.34549 

1.345*8 

1.34407 

22.0 

1.33*41 

1.34034 

1.34151 

1.34245 

1.34340 

1.36635 

1.3452* 

1.3454* 

1.34547 

1.345*4 

24.0 

1.33*41 

U34033 

1.34130 

1.34224 

1.3431* 

1.34413 

1.34507 

1.34524 

1.34545 

1.34544 

24.0 

1.33*20 

1.34014 

1.3410* 

1.34202 

1.342*4 

1.34390 

1.344*4 

1.34503 

1.34521 

1.34*40 

20.0 

1.330*7 

1.33*90 

1.340*4 

1.3417* 

1.34172 

1.343*5 

1.3445* 

1.3447* 

1.344*7 

1.3451* 

30.0 

1.33472 

1.33*44 

1.34040 

1.34153 

1.34247 

1.34340 

1.34434 

1.34452 

1.34471 

1.344*0 

34.0 

35.0 

36.0 

37.0 

36.0 

39.0 

40.0 

41.0 

42.0 

43.0 

0.0 

1.34772 

1.347*3 

1.34*13 

1.34(33 

1.34*54 

1.34*74 

1.34(94 

1.34914 

1.34*35 

1.34*55 

2.0 

1.34744 

1.147*4 

1.34*05 

1.34*25 

1.34*45 

1.36665 

1.340*5 

1.34*05 

1.34*25 

1.34*45 

4.0 

1.34734 

1.34773 

1. 34795 

1.34*14 

1.34*34 

1.34*34 

1.34*74 

1.34*94 

1.34*14 

1.34*34 

4.0 

1.34743 

1.34763 

1.36763 

1.34*03 

1.36623 

1.34*42 

1.34*42 

1.54882 

1.34*02 

1.34*21 

t.o 

1.34711 

1.14730 

1.34770 

1.34790 

1.36609 

1.34*29 

1.34*4* 

1.34*4* 

1.348*8 

1.34*07 

to.o 

1.34714 

1.34734 

1.34735 

1.34773 

1.347*5 

1.34*14 

1.34*33 

1.34*53 

1.34*72 

1*16692 

12.0 

1.34700 

1.34720 

1.34739 

1.3475* 

1.3477* 

1.347*7 

1.34*17 

1*16696 

1.34*55 

1.34*75 

14.0 

1.34423 

1.34702 

1.34722 

1.34741 

1.34740 

1.36760 

1.347*9 

1.34*1* 

1.34*37 

1.34857 

16.0 

1.34443 

1.3448* 

1.34703 

1.34723 

1.34742 

1.34741 

1.347*0 

1.16799 

1.34*18 

1.34*3* 

14.0 

1.34444 

1.34445 

1.344*4 

1.34704 

1.34722 

1.34742 

1.34741 

1.347*0 

1.3*799 

1.34*1* 

20.0 

1.34474 

? .14445 

1.34444 

1.344*3 

1.34702 

1.34721 

1.34740 

1.34749 

1.3*778 

1.3*797 

22.0 

1.36605 

1.34424 

1.344*3 

1.34442 

1.36661 

1.36700 

1.34719 

1.34738 

1.3*754 

1.3*774 

24.0 

1.34383 

1.36601 

1.3*420 

1.3*439 

1.36656 

1.34*77 

1.34*94 

1.34715 

1.34733 

1.3*752 

26.0 

1. 36559 

1.3457* 

1.34397 

1.34415 

1.34434 

1.34453 

1.34*72 

1 .34*91 

1.3*709 

1.3472* 

28.0 

l.J4>34 

1.34553 

1.3*5  72 

1.36591 

1.36609 

1.36626 

1.34447 

1.34444 

1.16666 

1.3*703 

3C.0 

1.3450* 

1.34527 

1.36566 

1.36565 

1.36563 

1.34402 

1*36621 

1.34439 

1.3*458 

1.3*477 

Hyp 

• Al 

(b) 

r nwwRr  /• 

/ \ 

[A] 

A - 467 

immr 

°C 

i 

0.0 

5.0 

10. 0 

■Wt***»  1 * 

15.0  20.0  25.0 

10.0 

31.0 

32.0 

33.0  1 

0.0 

1.11971 

1.16076 

1.16174 

1.16276 

1.34376 

1.3447* 

1.14560 

1.3*400 

1.34*20 

1.3*441 

?.o 

1.11972 

1.16072 

1.16172 

1.14272 

1.14371 

1.3*473 

1.34571 

1. 3*5*3 

1.3*413 

1.3*433 

6.0 

1 .11969 

1.1606b 

1.16167 

1*16266 

1.14366 

1. 3**45 

1.14564 

1.3*5** 

1.3440* 

1.3*424 

6.0 

1.11961 

1.16062 

1.14160 

1.14256 

1.14157 

I. 3**55 

1.14554 

1.3*57* 

1.345*3 

1.34413 

6.0 

1.11956 

1.16051 

1.34151 

1.36249 

1.34366 

1.3**** 

1.14542 

1.3*541 

1.345*1 

1.3*400 

10. 0 

1.11960 

1.16061 

1.14140 

1.14217 

1.34114 

I. 3**31 

1.14526 

1.345*7 

1.145*7 

1.345*4 

12.0 

1.11936 

1.16011 

1.16127 

1.16223 

1.14320 

I.3**16 

1.14512 

1.3*531 

1.3*551 

1.3*570 

16.0 

i.ll«21 

1.36017 

1.14112 

1.14206 

1.14304 

1.3*3** 

1.14495 

1.3*51* 

1.34  533 

1.3*552 

16.0 

1 .11906 

1*16001 

1.16096 

1.34191 

1.14287 

1.3*312 

1.34477 

1. 3***4 

1.3*515 

1.1*53* 

IX. 0 

1.11690 

1.11965 

1.16079 

1.34174 

1.14769 

1.3*34* 

1.14456 

1.34*77 

1.1*  ♦*» 

1.1*515 

20*0 

1.13671 

1.11967 

1.16061 

1.14156 

1.14250 

1.3*3** 

1.16616 

1.3*457 

1.3*474 

1.344*5 

22.0 

1 . 13**56 

U33966 

1.36042 

1.14136 

1.34210 

1.3*32* 

1.14416 

1.34*37 

1.34*55 

1.3*47* 

26.0 

1.31615 

1.11926 

1.16022 

1.14115 

1.14209 

1.3*303 

1.14196 

1.3*415 

1.3*431 

1.34*52 

26.0 

1.33613 

1.13907 

1.16000 

1.34091 

1.14166 

1. 3*2*0 

1.14171 

1.3*392 

1.34*10 

1.34*2* 

2X.0 

1.33790 

1.11961 

1.11977 

1.14070 

1.14161 

1.3*25* 

1.14149 

1.3*34* 

1.3*3** 

1.34*05 

>0.0 

1.3376* 

1.31659 

1.13952 

1.34045 

1.14136 

1.3*231 

1.14124 

1.3*343 

1.3*341 

1.343*0 

36.0 

3*.0 

36.0 

37.0 

38.0 

39.0 

60.0 

61.0 

42.0 

43.0 

0*0 

1.36661 

1.36bfcl 

1.36701 

1.36721 

1.36741 

1.34762 

1.3*767 

1.36602 

1.34622 

1.34643 

7.0 

1.366*3 

1.36673 

l.  36693 

1.36713 

1.34733 

1.34753 

1.36773 

1.34793 

1.34613 

1.34633 

6.0 

1.36463 

1.36663 

1.36663 

1.36703 

1.34723 

1.36763 

1.36763 

1.34763 

1.3*603 

1.34622 

6.0 

1.36632 

1.366*2 

1.36672 

1.3*692 

1.34711 

1.36731 

1.367*1 

1.34770 

1.34790 

1.34610 

x.o 

1 .36670 

l . 36460 

1.366*9 

1.3*679 

1.34696 

1.3*716 

1.3*737 

1.347*7 

1.34776 

1.34796 

10.0 

1.36609 

1.36629 

1. 3666* 

1.3*666 

1.3*683 

1.3*702 

1.36722 

1.34741 

1.34761 

1.34760 

17,0 

t ^ *2.4  *88* 

* * « 

8 * 

1 . 3n6*7 

i.3**66b 

1.3666b 

1.3*70* 

1.34724 

1.34743 

1.34763 

16.0 

1.36*72 

U 34591 

1. 3*610 

1.3*629 

1.346*8 

1.36667 

1.36666 

1.34706 

1.3472* 

1.34744 

1 6.0 

1.36*77 

1.36*91 

1.3*610 

1.3*629 

1.366*6 

1.3*667 

1.34666 

1.34706 

1.3472* 

1X.0 

5.3*936 

t . 165** 

1.  145  72 

1.36991 

1.34610 

t. 3*629 

1.366*6 

1.34667 

1.34686 

1.34704 

70.0 

1 * i*9l* 

1.36*3* 

1 .34557 

1.3*571 

1 • 34*89 

1.36606 

1.3*627 

1.34646 

1.34665 

1.34684 

77  .0 

l.  364.0  , 

1.J6-.12 

1.36*30 

1.34*69 

1.34*99 

1.36*67 

1.36606 

1.34624 

1.34643 

1.34662 

76.0 

1 • ^66  7 1 

1.3*460 

1 .J67CX 

1.3*927 

1.34*46 

1.3*565 

I.3**e3 

1.34602 

1.34621 

1.34639 

26.0 

1.36661, 

1. 56*06 

1.3*466 

1.3*90* 

1.34*23 

1.365*1 

1.3*560 

1.34*79 

1.34597 

1.34616 

7A.0 

1.  *66  26 

1.366*2 

1.3*661 

1.3*679 

1.J44V* 

1.36*17 

1.36*35 

1.365*4 

1.34*73 

1.34*91 

30.6 

1 . 36 

1.36617 

1.  3*6  36 

1.366*6 

1.94*73 

1.36691 

1.3*910 

1.34*29 

1.34*47 

1.34566 

A*12 


r~ 


Bats 


Tikli  A*2.  (cont) 


thu* 

— •A 

LUO  XT  (0 

*c 

i 

0.0 

5.0 

10.0 

15.0 

20.0 

/Mi  — 
25.0 

30.0 

31.0 

32.0 

0.0 

1.33*43 

1.33944 

1*54064 

1.34165 

1.34265 

1.34366 

1.34466 

1.344*7 

1.34507 

2*0 

1.33*42 

1.339*1 

1 .34061 

1.34161 

1.34260 

1.36360 

1.34460 

1.344*0 

1.34499 

4.0 

1.33*3* 

1.339  5 7 

1.3*056 

1.34155 

1.34253 

1.34332 

1.34431 

1.34471 

1.34490 

6.0 

1.33*33 

1.33951 

1.340  49 

1.34147 

1.34245 

1.34343 

1.344*1 

1.344*0 

1.344*0 

0.0 

1.33*43 

1.33942 

1.34040 

1.34137 

1.34234 

1.3*331 

1.3*429 

1.3644* 

1.34467 

10.0 

1.33*34 

1.33932 

1.34029 

1.34125 

1.34222 

1.3431* 

1.34415 

1.34434 

1.34453 

12.0 

1.33*23 

1.33920 

1.34016 

1.34112 

1.34200 

1.3  4 304 

1.34400 

1.34419 

1.3443* 

14.0 

1.33*11 

1.31907 

1.34002 

1.34097 

1.34193 

1.342** 

1.343*3 

1.34402 

1.34421 

16.0 

1.33797 

1.33*92 

1.33906 

) .34001 

1.34176 

1.34270 

1.34365 

1.343*4 

1.34403 

19.0 

1.337*1 

1.33*75 

1.33969 

1.34064 

1.34158 

1.34232 

1.34346 

1.343*5 

1.343*4 

20.0 

1.337*4 

1.33*57 

1.33951 

1.34045 

1.34139 

1.3*232 

1.34326 

1.34345 

1.34364 

22.0 

1.33745 

1.33*3* 

1.33931 

1.34025 

1.34118 

1.34212 

1.34305 

1.34324 

1.34342 

24*0 

1.33724 

1.33*17 

1.33910 

1.34004 

1.34097 

1.341*0 

1.342*3 

1.34301 

1.34320 

26*0 

1.33703 

1.33796 

1.33000 

1.33901 

1.34074 

1.341*7 

1.34260 

1.3427* 

1.34297 

20.0 

1.334*0 

1.13773 

1.33065 

1.33950 

1.34051 

1.3*163 

1.34236 

1.3*254 

1.34273 

30*0 

1.33457 

1.337*9 

1.33061 

1.33934 

1.34026 

1.34119 

1.34211 

1.34229 

1.3424* 

34.0 

35.0 

36.0 

37.0 

38.0 

39.0 

40.0 

41.0 

42.0 

0.0 

1.34347 

1.34567 

1.34567 

1.34607 

‘1.34627 

1.34647 

1.3466* 

1.346a* 

1.3470* 

2.0 

1.34539 

1.3*559 

1.34579 

1.34599 

1.34619 

1.34639 

1.34659 

1.34679 

1.34699 

4*0 

1.34530 

1.3*550 

1.34570 

1.34509 

1.34609 

1.34629 

1.34649 

1.3466* 

1.346** 

6.0 

1.34319 

1.3*539 

1.34550 

1.34570 

1.34597 

1.34617 

1.3*636 

1.34656 

1.34676 

8*0 

1. 34506 

1.34526 

1.34545 

1.34565 

1.34504 

1.34604 

1.34623 

1.34642 

1.34662 

10.0 

1.34492 

1.3*911 

1.34531 

1.34550 

1.34569 

1.343(9 

1.3460* 

1.34627 

1.34647 

12.0 

1.34474 

1.3**«5 

1.34515 

1.34534 

1.34553 

1.34372 

1.34591 

1.34610 

1.34430 

14.0 

1.34*59 

1.34478 

1.34497 

1.34516 

1.34536 

1.34534 

1.34573 

1.3*593 

1.34612 

16.0 

1.3*441 

1.34460 

1.34479 

1*34498 

1.34517 

1.3*336 

1.34554 

1.34574 

1.34592 

u.o 

1.34*22 

1.34*41 

1 .34*59 

1.3447b 

1.34497 

1.34316 

1.3*535 

1.3*554 

1.34573 

20.0 

1.34*01 

1.3*420 

1.3*439 

1.344*56 

1.34476 

1.3*493 

1.34514 

1.34533 

1.34552 

22.0 

1.3*340 

1.34  39* 

1.34417 

1.34436 

1.34455 

1.34473 

1.3*492 

1.3*511 

1.34529 

24.0 

1.3*357 

1.3*37* 

1.34395 

1.34613 

1.34432 

1.34430 

1.34*69 

1.344** 

1.34506 

26.0 

1.3433* 

1.3*352 

1.34371 

1.343ev 

1,34408 

1.34*27 

1.344*5 

1.34*64 

1.344*2 

26.0 

1.34310 

1.3*32* 

1.34367 

1.34365 

1.343H4 

1.34402 

1.34421 

1.3*439 

1.34  45* 

30.0 

1.342*3 

1.34303 

1.34322 

1.34340 

1.34359 

1.34377 

1.34396 

1.34*14 

1.3443?. 

[A]  A = 471.5  mu 


1.34)2? 

1.345H 

1*34510 

1.344ft 

1*34407 

1*34473 

1*34457 

1*34440 

1*34422 

1*34403 

1*34303 

1*34341 

1*34339 

1*34315 

1*34291 

1*34244 


1.34720 

1.34719 

1.34700 

1.34495 

1*34401 

1*34444 

1*34449 

1*34431 

1*34411 

1.34591 

1*34570 

1*34540 

1.34525 

1*34501 

1.34474 

1.34451 


r KMP 

°C 

1 0.0 

5.0 

0.0 

1.33*02 

1.33902 

2.0 

1.33801 

1.33900 

4.0 

1.33797 

1.33896 

0.0 

1.33791 

1.33809 

8.0 

1.337*4 

1. 33**1 

10.0 

1.33775 

1.33*71 

12.0 

1 .3*744 

1.33*59 

14.0 

1.31751 

1.33046 

16.0 

1.33737 

1.33*31 

18.0 

1.33721 

1.33*15 

20.0 

1.33703 

1.33797 

72.0 

1 . 3368 A 

1.33777 

24.0 

1.33664 

1.33756 

?6.o 

1.33442 

1.33735 

20,0 

1.33420 

1.33712 

30  .C 

1.33596 

1.336** 

>4.0 

35.0 

0.0 

1.34484 

1.34504 

2.0 

1.34477 

1.34497 

4.0 

1.3*467 

1.344*7 

4 .0 

1.34456 

1.34476 

8.0 

1.34443 

1.3*462 

10.0 

1.36429 

1.34448 

12.0 

1.34413 

1.34*32 

lA.n 

1 tU4U 

16.0 

1.34379 

1.3*397 

19*0 

1.3*359 

1.34378 

20.0 

1.3*339 

1.34357 

22  .0 

1.3*317 

1.34334 

24.0 

1.34295 

1.34313 

26.0 

1.3*272 

1.34290 

28.0 

1.34247 

1.34266 

30.0 

1.3*222 

1.342*1 

SALINITY  <•/•»> 

15*0  20.0  25.0 


1*34003 
1*34000 
1.33994 
1*33907 
l .33970 
1*33947 
1*33955 
1*33941 
1 .33925 
1.  33908 
1*33090 
1*33070 
1*33049 
1*33027 
1.33004 
1*33200 


1.34524 
1*34516 
1.3-507 
1.344  9 5 
1.34442 
1.34467 
1.-W451 

| w -niiA 

1*34416 
1*  3439V 
1.34376 
1.34354 
1*34332 
1.  34309 
1.34284 
1.34259 


1*34103 
1*34099 
1*34093 
1*34005 
1*34075 
1*34063 
1.34050 
1*34036 
1*34020 
1.34002 
1 *33904 
1.33963 
1.33942 
1*33920 
1*33097 
1*33072 


1*34203 

1*34198 

1*34191 

1*34182 

1*34172 

1*34160 

1*34146 

1*34131 

1*34114 

1*34096 

1*34077 

1*34057 

1*34035 

1*34012 

1*33909 

1*33965 


37.0  30*0 


1.3454* 
1. )4S36 
1.34526 
1.34515 
1.34501 
1.34487 
1.34471 
« 

1 1 34435 
1.34415 
1.34395 
1*34373 
1.34351 
1.34327 
1 • 3430a 
1.34277 


1.34564 

1.34556 

1.34546 

1.34534 

1.34521 

1.34506 

1.34490 

1.34444 

1.34434 

1.34414 

1.34392 

1.34369 

1.34346 

.34321 

.34296 


1.34303 

1.34299 

1.34290 

1.34200 

1.34269 

1.34256 

1.34241 

1*34226 

1*34200 

1*34190 

1*34170 

1*34149 

1*34120 

1*34105 

1*34001 

1.34057 


1.34504 

1*34576 

1*34566 

1*34554 

1*34540 

1*34525 

1.34509 

i • 

1.34473 

1.34453 

1.34432 

1.34410 

1.34300 

1.34364 

1.34340 

1.34314 


1.34404 

1.34397 

1.34309 

1.3437$ 

1.34366 

1.34352 

1.34337 

1.34321 

1.34303 

1.34204 

1.34264 

1.34243 

1.34221 

1.34190 

1.34173 

1.34149 


1.34604 
1.34594 
1.34506 
1.34573 
1.34560 
1.34544 
1*34520 
l. 3-31C 
1.34492 
1.34472 
1.34451 
1.34429 
1.34406 
1.34303 
1.34350 
1.34333 


[Al 

A = 40l. 

31.0 

52.0 

33.0  ^ 

1.34424 

l .J4444 

1.34464 

1.34417 

1. 5**57 

1.3*457 

1.34400 

1.5*42* 

1.3**** 

1.34397 

1.54*17 

1.3443* 

1.34305 

1.34*04 

1.3*42* 

1.34371 

1.3*390 

1.34*10 

1.34356 

1.34375 

1.3*39* 

1.34339 

1.3*359 

1.3*377 

1.3432/ 

1.343*1 

l.?*3»0 

1.34303 

1.3*322 

1.3*340 

1.34283 

1.3*301 

1.34320 

1.34262 

l.3*2*0 

1.3*299 

1.34239 

1.3425* 

1.34276 

1.34216 

1.3*23* 

1.3425  3 

1.34192 

1.34210 

1.3*229 

1. 34167 

• 1.341*5 

1.3*20* 

41.0 

42.0 

43.0 

1.34624 

1 .34645 

1.34664 

1.34616 

1.34*36 

1.3*656 

1.34606 

1.3*625 

1.3*645 

1.34593 

1.34612 

1.34632 

1.34579 

1.3*59* 

1.3461* 

1.34564 

1.345*3 

1.34602 

1.34547 

1.3*566 

1 .34555 

1 • >■*>*'* 

i. 

1.34511 

1.34529 

1.3*5** 

1.34491 

1.34509 

1.3*52* 

1.34470 

1.34480 

1.34507 

1.34448 

1.34466 

1.344*5 

1.34425 

1.34443 

1.3*462 

1.34401 

1.34419 

1.34*3* 

1.34376 

1.34395 

1.34*13 

1.34351 

1.34370 

1.343** 

V * A'-/*-  f->3,  -V  V-  * jvc 


Ml*  A-2.  (cont) 


— 1AI 

LIMIT  (t 

[A] 

X = 4M.fi  am 

1 0.0 

9.0 

10. o 

15.0 

20.0 

25.0 

30.0 

31*0 

32*0 

i 

33.0 

0*0 

1.337** 

1.33*99 

1.339*9 

1.34059 

1.34159 

1.34259 

1.34360 

1.363*0 

1.34*00 

1.34419 

2.0 

1.337*7 

1.33*97 

l.3391)4i 

1.34053 

1.34154 

1.34254 

1*34353 

1.34373 

1.343*3 

1.34412 

4*0 

1.33794 

1.33*42 

1.33931 

1.34049 

1.3414* 

1.34246 

1.34344 

1.34364 

1.343*4 

1.34403 

4.0 

1.3374* 

1.33444 

1.33943 

1.34041 

1.3413* 

1.34236 

1.34333 

1.34353 

1.34372 

1.34392 

• •0 

1.33741 

1.33*37 

1.  33934 

1.34031 

1.3412* 

1.36224 

1.34321 

1.36340 

1.343*0 

1.34379 

10.0 

1.3373k 

1.33*27 

1.33923 

1.34019 

1.34115 

t. 34211 

1.34307 

1.34327 

1.3434* 

1.343*9 

12*0 

1.33720 

1.33*14 

1.33911 

1.34006 

1.34102 

1.34197 

1.3' 292 

1.36311 

1.34330 

1.34350 

14.0 

1.3370* 

1.33403 

1 .33*97 

1.33992 

1.340*7 

1.341*1 

1.34276 

1.36295 

1.34314 

1.34333 

16.0 

1.33444 

1.337*4 

1. 33**2 

1*33976 

1.34070 

1.34164 

1.34250 

1.36277 

1.34244 

1.34319 

ift.c 

1.3347* 

1.33771 

1 .33*65) 

1.33959 

1.34052 

1.34146 

1.34239 

1.3625* 

1.34277 

1.3429* 

20.0 

1.33440 

1.33743 

1.33*46 

1.33940 

1.34033 

1*34126 

1.34219 

1.3623* 

1.34297 

1.3*279 

22.  0 

1.33441 

1.33734 

1.33*27 

i. 33920 

1. *4013 

1.34105 

1.34190 

1.36217 

1.34239 

1.3*25* 

24.0 

1.33421 

1.3371* 

1. 33606 

1.33*49 

1.33991 

1.340*4 

1.34177 

1.36196 

1.34214 

1.34232 

24.0 

1.33994 

1.13442 

1.337*4 

1.33*77 

1.33969 

1.34061 

1.34154 

1.36172 

1.34190 

1. 3*2*9 

24.0 

1.33977 

1.33469 

1.33761 

1.33*53 

1.33946 

1.34037 

1.34130 

1.3616* 

1.3414* 

1.341*5 

30.0 

1.33994 

1.334*9 

1.33737 

1.33*29 

1.33921 

1.34013 

1.34105 

1.36123 

1.34141 

1.341*0 

34.0 

34.0 

36.0 

37.C 

3*.Q 

39.0 

40.0 

61.0 

42.0 

43.0 

0.0 

1.3*439 

1.34440 

1. 34**0 

1.34499 

1.34520 

1.34540 

1.3*559 

1.365*0 

1.34400 

1.34*20 

2.0 

1.3*432 

1.34492 

1.34472 

1.34492 

1.34512 

1.34532 

! .34551 

1.36571 

1.34391 

1. 3**11 

4.0 

1.34423 

1.344*3 

1.34462 

1.344*2 

1.34502 

1.34321 

1.34641 

1.36561 

t. 349*0 

1.34*00 

4.0 

1.34412 

1.34431 

1 .34*51 

1.34470 

1.34490 

1.34509 

1.3452* 

1.36663 

1.349** 

1.345*7 

• .n 

1. 34344 

1.J44U 

1.34437 

1.34457 

1.34476 

1.34496 

1.34515 

1*36  536 

1.34993 

1.3457  3 

10.0 

1.3*344 

1.3*403 

1.34423 

1.34442 

1.344b! 

1.344*0 

1.34499 

1.3451* 

1.3493* 

1.34557 

12*0 

1.3*349 

1.341*7 

1.34407 

1.34420 

1.34445 

1.34464 

1.344*5 

1.34502 

1.34921 

1.34540 

14.0 

1.34392 

1.3*371 

1.34390 

1.34409 

1.3442* 

1.34447 

1.34466 

1.344*4 

1.34903 

1.34522 

14.0 

1.  >4334 

1.3*349 

1.3*371 

1.34390 

1.34409 

1.3442b 

1.39447 

1.34465 

1.344*4 

1.3*503 

ta.o 

1.34314 

1.34*33 

1.34352 

1.34370 

1.343*9 

1.3440* 

t.i*4?7 

1.34445 

1.344*4 

1.344*3 

20.0 

1.3*294 

1.3*-*H 

l.  34331 

1.34330 

1.34369 

1.343*7 

1.34406 

1.34424 

1.34443 

1.3*442 

22.0 

1.3*273 

1.3*291 

1.34310 

1.3432* 

1*34347 

1*34366 

1.3430* 

1.34*03 

1.34421 

1.34440 

24.0 

1.3*291 

1.3*249 

1.342  98 

1.34306 

1.34325 

1.34343 

1.34362 

1.34560 

1.3439* 

1.34417 

24.0 

1.3*227 

1.34244 

1.34264 

1.342*3 

1.34301 

1.34320 

1.34330 

1.34367 

1.34379 

1.34394 

24.0 

1.1*203 

1.1*222 

l. 34240 

1.3426* 

1.34277 

1.54296 

1.34314 

1.54332 

1.34  391 

1.343*9 

30.0 

1 .34173 

1.341*6 

t. 34215 

1.34233 

1.34252 

1.34270 

1.3420* 

1.34307 

1.34J29 

1.3*344 

X = fi14.fi  i 


TBMP 

°C 

^ o.o 

5.0 

10.0 

M 

15.0 

LENITY  <• 

20.0 

/«> 

25.0 

30.0 

31.0 

32.0 

33.0  * 

0*0 

1.3367b 

1.33774 

1.33873 

1.33973 

1.34073 

t. 34173 

1.3*273 

1.36293 

1*34312 

1.34332 

2.0 

1.33673 

1.33771 

1.33670 

1. 3396V 

1.34068 

1.34167 

1.36266 

1.34296 

1*34305 

1*34325 

6.0 

1.33669 

1.33767 

1.53865 

1.33963 

1.34061 

1.34159 

1.36257 

1.34277 

1.34296 

1*34316 

6.0 

1.3366b 

1.33761 

1.33858 

1.33955 

1.34052 

1.34149 

1.36266 

1.34266 

1.34285 

1.34305 

6.0 

1*33656 

1.33752 

1.33849 

1.33945 

1.34042 

1.34138 

1.36236 

1.34253 

I. >273 

1.34292 

10*0 

1.33647 

1.33742 

1.33638 

1.33933 

1.34Q29 

1.34125 

1.36220 

1.34239 

1.34259 

1.34278 

12*0 

1.33636 

1.33731 

1.33926 

1.33920 

1.340)5 

1.34110 

1.34205 

1.34224 

1.34243 

1.34262 

16.0 

1.33624 

1.33718 

1.33812 

1.3390b 

1.34000 

1.34094 

1.34188 

1.34207 

1.34226 

1.34245 

16.0 

1.33609 

1.33707 

1.33796 

1.33990 

1.53993 

1.3407  7 

1.34170 

1.34189 

1.34208 

1.34227 

18.0 

1.33593 

1.33686 

1.33779 

1.33872 

1.33965 

1.34058 

1.34151 

1.34170 

1.36189 

1.34207 

20.0 

1.33576 

1.33668 

1.33161 

1.33854 

1.33947 

1.34039 

1.34132 

1.34150 

1.36169 

1.34187 

22*0 

1.33557 

1.33649 

1 .33742 

1.33936 

t.339?7 

1.34019 

1.34111 

1.34130 

1.34146 

1.34167 

26.0 

1.33537 

1.33629 

1.33722 

1.33816 

1.33906 

1.33999 

1.34090 

1.34106 

1.34127 

1 .>145 

26.0 

1.33516 

1.33608 

1.33700 

1.33792 

1.33884 

1.33976 

1.34068 

1.34086 

1.34104 

1.34122 

28.0 

1.3369  * 

1.33565 

1.33677 

1.33769 

1.33860 

1.33952 

1.34044 

1.34062 

1.34080 

1.36099 

30.0 

1.33670 

1.33561 

1 *33653 

1.33764 

1.33836 

1.33927 

1.34019 

1.34037 

1.3405* 

1.34073 

34.0 

35.0 

36.0 

37.0 

38.0 

39.0 

40.0 

41.0 

42.0 

43.0 

0.0 

1.36352 

1.34372 

1.34392 

1.34412 

1.34432 

1.34452 

1.34472 

1.34492 

1.34512 

I.  >532 

2.0 

1.36365 

1.34365 

1.34364 

1.34406 

1.34424 

1.34444 

1.34463 

1.34493 

1.34503 

1.36523 

6.0 

1.36335 

1.34355 

1.34375 

1.34394 

1.34414 

1.34433 

1.34453 

1.34473 

1.34  492 

1 • 345 1 2 

6*0 

1.36326 

1.34344 

* .34363 

1.34382 

1.34402 

1.34421 

1.34441 

1 .34460 

1.34479 

1.34499 

ft.Q 

1. 4631* 

1.34311 

1. 34350 

1.34369 

1.34388 

1.34408 

1.34427 

1.34446 

1.34465 

l * >485 

1D.0 

1.3620? 

1. 563U 

W 343  35 

1*34354 

1.34373 

1.34392 

1.34411 

1.3443) 

1.34450 

1.34469 

P.o 

1.54261 

1.343C0 

1*34318 

1,34338 

1.54357 

l.3437o 

1.34395 

1.34414 

1.34433 

l.>451 

16.0 

1.34266 

1.36282 

1.34301 

1.34320 

1.34339 

1.34358 

1.34377 

1.34396 

1.34414 

1.34433 

16*0 

k.  >»45 

1.2426b 

t. 34301 

1.34320 

1.3433V 

1.34369 

1.34376 

1.34395 

1.34414 

18*0 

1.4X226 

1.34245 

1.34263 

1.36282 

1.36300 

1.34319 

1.34338 

1.34356 

1.34375 

1.34394 

20.0 

1.36206 

1.34225 

1.3424  3 

1.34262 

1.34290 

1. 34299 

1.36317 

1.34336 

1.34354 

1 • >373 

1.36185 

1.34204 

1.34222 

I.i4fc*l 

1.34259 

1.34278 

1.34296 

1.34315 

1.34333 

1.34352 

26.0 

1.36166 

1.34182 

1.34200 

1.3621s 

34717 

1.36256 

1.34274 

1.34293 

• •34311 

1.34330 

2C*$ 

1.36161 

1.34159 

1.34178 

U 34 196 

1.34214 

1,34233 

1.34251 

1.34270 

1.34296 

1.34306 

28*0 

l.J6ji* 

1.36135 

1.36153 

1.3417.' 

1.34190 

1.36209 

1.34227 

1.34245 

1.34264 

1.36282 

30.0 

1.34C-J2 

1.34)10 

1.34126 

1.34147 

1.34165 

1.34183 

1.34201 

1.34220 

1.34238 
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Mto  A-2.  (com) 


WT  (*/mi 

20.0  20.0 


[NtfYat)  A = (9.|m 


30.0  >1.0  >2.0 
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u>i>** 

1.13*90 

1.11790 

1.11097 

1.3)997 

1.3*097 

1.3*19* 

1.3*21* 

1.3*21* 

1.3*23* 

i.3 

1. 1)1*7 

1»)1*9* 

1.1179* 

1.11093 

1.3)991 

1.3*090 

1.3*100 

1.3*200 

1.3*220 

1.3*247 

4.0 

1.115** 

1.1)491 

1.11709 

1.1100* 

1.3)90* 

1.3*002 

1.3*179 

1.3*199 

1.3*210 

1.3*230 

4.0 

1.31109 

1.11*05 

1.11702 

1.13079 

1.3397* 

1.3*072 

1.3*149 

1.3*100 

1.3*200 

1.3*227 

8*8 

1.11102 

1.11*70 

1.1177* 

1.11070 

1.3394* 

1.340*2 

1.3*150 

1.3*177 

1.3*19* 

1.3*21* 

10.0 

1.11171 

1.3 1**0 

1.1176* 

1.11059 

1.1395* 

1.340*9 

1.3*1*$ 

1.3*14* 

1.3*10) 

1.3*202 

12.0 

1.131*2 

1.11*5* 

1.13751 

1.110*5 

1.319*0 

1.3*03* 

1.3*129 

1.3*140 

1.3*14* 

1.3410$ 

14.0 

1.3314* 

1.114*2 

t. 11717 

1.13030 

r .1192* 

1.3*010 

1.3*111 

1.3*130 

1.3*149 

1.3*140 

U.O 

1.1313* 

1.31*27 

1.11721 

1.1101* 

1.11907 

1.3*000 

1.3*093 

1.3*112 

1.3*130 

1. 3*1*9 

18.0 

1.1111* 

1.31*11 

1.1170* 

1.11797 

1.13009 

1.33902 

1.3*07$ 

1.3*093 

1.3*112 

1.3*131 

20.0 

1.31101 

1.1159* 

1.11*0* 

1.13779 

1.11071 

1.330*3 

1.3*05$ 

1.3*07* 

1.3*093 

1.3*111 

22.0 

1.13*01 

1.13575 

1.11*47 

1.11759 

1.33051 

1.339*3 

1.3*03$ 

1.3*053 

1.3*072 

1.3*090 

24.0 

1. 11**1 

1.11555 

1.33*** 

1.31710 

1.11010 

1.33922 

1.3*013 

1.3*012 

1.3*050 

1.340*0 

24.0 

1.13**2 

1.31511 

1.11*25 

1.1171* 

1.31000 

1.33099 

1.3)991 

1.3*009 

1.3*027 

1.340*3 

28.0 

1.11*1* 

1.11510 

1.11*02 

1.31*91 

1.1170* 

1.330 :* 

1.339*7 

1.3390$ 

1.3*00) 

1.3*021 

30.0 

1.111*1 

1.13*0* 

1.13577 

1.11*49 

1.117*0 

1.31031 

1.339*2 

1.339*0 

1.3)970 

1.33997 

1*.0 

35.0 

3*.0 

17.0 

M.0 

19.0 

*0.0 

*1.0 

*2.0 

*3.0 

0.0 

1.1*2  76 

1.1*295 

1.1*11* 

1.3*315 

• 1.1*15* 

1.3*173 

1.3*39$ 

1.3*41$ 

1.34435 

1.3**$$ 

2.0 

1.1*2*7 

l.l*2o7 

1.1*107 

1.1*32* 

1.1*1** 

1.1*1** 

1.3*30$ 

1.3*40$ 

1.3*42$ 

1.3**** 

4.0 

1.1*217 

1.1*277 

1.1*29* 

1.1*31* 

1.3*335 

1.1*155 

1.3*37* 

1.3*39* 

1.3*413 

1.34*33 

4*0 

1.142*6 

1.3*2** 

1.3*205 

1.3*30* 

1.1*12* 

1.3*  3*3 

1. 3*3*2 

1.3*382 

1.3*401 

1.3*420 

8.0 

1.1*215 

1.3*25* 

1.1*271 

1.1*292 

1.1*111 

1.3*111 

1.3*350 

1.3*369 

1.3*308 

1.34*07 

to.o 

1.1*221 

1. 1*2*0 

1.3*259 

1.3*270 

1.1*297 

1.1*11* 

1.3*335 

1.3*35* 

1.1*373 

1.3*392 

12.0 

1.1*20* 

2.3*223 

1 .3*2*2 

1. 1*2*1 

1.3*290 

1.3*299 

1.3*310 

1.3*337 

1.3*35* 

1.3*37$ 

14.0 

1.1*107 

1.1*205 

1.  1*22* 

1. 1*2*1 

1. 1*2*2 

1.3*200 

1.3*299 

1.3*310 

1.3*337 

1.3*355 

16.0 

1.1*1*11 

1.1*1117 

1.1*205 

1.1*22* 

1.342*1 

1.3*241 

1.3*280 

1.1*299 

1.3*117 

1.3*33* 

lft.n 

l. 3*1*9 

1.1*16:- 

1.1*186 

1.3*205 

1.1*221 

1. 1*2*2 

1.3*240 

1.3*279 

1.3*293 

1.3*31* 

20.0 

1.1*110 

1. 3*1*0 

1.3*167 

1.3*185 

1.3*201 

1.3*222 

1.342*0 

1.3*259 

1.3*278 

1.3*29* 

22.0 

1.1*109 

1.3*127 

1. 3*1*6 

1.1-16* 

1.3*182 

1.3*201 

1.3*219 

1.3*238 

1.3*25* 

1.3*27* 

?4.0 

1.1*0  *<7 

1.3*10* 

1.3*12* 

1. i*l*2 

1. 3*1*0 

1.1*178 

1.3*197 

1.3*215 

1.3*21* 

1.3*252 

?4.n 

l.]*o** 

1.3*0  .*? 

1.3*100 

1.1*119 

1.3*117 

1.1*155 

1.3*17* 

1.3*192 

1.3*210 

1.3*220 

?«U© 

1 .3*0*0 

1. 3*0*6 

1.3*076 

1.3*09$ 

1.3*111 

1.3*131 

1. 3*1*9 

1.3* lk» 

1.3*10* 

1.3*20* 

30.0 

1.3*015 

l.»*0S3 

1.3*051 

1.3*070 

1.3*088 

1.1*136 

1.3*12* 

1.3*143 

1.361*1 

1.3*179 

[Hr]  A = Mt.2  mu 
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Ml 
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29.0 

m> 
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31.0 

32.0 
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1.33565 

1.33442 

1.33742 

1.333*0 

1.33053 

1.3*057 

1.34077 

1.3*006 

2.0 

1 .33444 

1.33542 

1.33659 

1.33758 

1.33955 

1.33953 

1.3*051 

1.34070 

1.3*000 

4.0 

1.33441 

1.33557 

1.33454 

1.33751 

1.331*0 

1.330*5 

1.340*3 

1.3*0*2 

1.3*002 

ft.  0 

1.33434 

1.33550 

1.33446 

1.33743 

1.33130 

1.33035 

1.3*032 

1.3*051 

1.3*070 

8.0 

1.33444 

1.33541 

1.  33637 

1.33732 

1.3  3 323 

1.33023 

1.3*010 

1.3*03* 

1.3*057 

1O.0 

1.33437 

1.33531 

1.33626 

1.33721 

1.33915 

1.33010 

1.3*005 

1.3*02* 

1.340*3 

12.0 

1.33424 

1.33520 

1.33614 

1.33708 

1.33  302 

1.3390* 

1.33000 

1.3*000 

1.3*027 

14.0 

1.33414 

1.33507 

1.33400 

1.33694 

1.33797 

1.33331 

1.33074 

1.33003 

1.3*011 

16.0 

1.33401 

1.33493 

1.33584 

1.33678 

1.33771 

1.333** 

1.33057 

1.33075 

1.3300* 

18.0 

1.33384 

1.33477 

1.33570 

1.33661 

1.3375* 

1.333*5 

1.3303* 

1.3305* 

1.3307* 

20.0 

1.33348 

1.33459 

1.33552 

1.33442 

1.33735 

1.3392* 

1.3301* 

1.3303* 

1.3305* 

22.0 

1.33330 

1.33440 

1.33532 

1.33622 

1.3371* 

1.33305 

1.33*0* 

1.33015 

1.33933 

24.0 

1.33328 

1.33420 

1.33511 

1.33402 

1.33*03 

1.33733 

1.33*7* 

1.33*03 

1.33011 

26.0 

1 .33308 

1.33399 

1.33489 

1.33580 

1.33*70 

1.337*1 

1.33*52 

1.33*70 

1.3303* 

28.0 
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1.33377 

1.33447 

1.33557 

1. 336*7 

1.33733 

1.33*20 

1.333*7 

1.333*5 
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1.33353 

l .33444 

1.33534 

1.33*2* 

1.3371* 

1.33*05 

1.33*23 
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1.34175 

1.34196 

1.3*21* 

1.3*235 

1.3*25* 

1.3*27* 

1.3*203 

2.0 

1.34129 

1.34149 

1.34168 

1.34168 

1.3*207 

1.3*227 

1.342*7 

1.3*24* 

1.3*236 

4.0 

1.34120 

1.34140 

1.34159 

1.34179 

1.3*103 

1.3*217 

1.3*233 

1.3*256 

1.3*276 

6.0 

1.34109 

1.34128 

1.34147 

1.34167 

1.3*13* 

1.3*205 

1.3*225 

1.342*3 

1.3*263 

4.0 

1.34095 

1.34114 

1.34133 

1.34153 

1 .3*172 

1.3*100 

1.3*210 

1.3*220 

1.3*243 

10.0 

1.34080 

1.34099 

1.34118 

1.34137 

1.3*15* 

1.3*175 
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1.3*213 

1.3*23? 

12.0 

1.34063 

1.34084 

1.34102 

1.34121 
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1.3*150 

1.3*177 
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1.34179 
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1.3*170 
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1.34030 

1.34048 
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1.3*105 
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1.3*140 
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20.0 
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1.34009 

1.3402  7 

1.34046 

1.3*06* 

1.3*033 
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1.34137 
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1.33987 

1.34006 

1.34024 
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1.3*007 
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24.0 

1.33947 

1.33955 

1.33984 

1.34002 
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1.3*030 

1.3*056 

1.3*07* 

1 .34003 

26.0 
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1.33961 

1.33979 

1.33097 
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1.34033 

1.3*051 

1.34060 

28.0 

1.33S01 

1.33919 

1.33937 

1.33955 
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1.34046 
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1.33914 
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1.34179 

1.1*277 

1.3*373 

1. 3**71 

1.34549 

1.34445 

1.1*60* 

1.1*70* 

1.34723 

14.0 

1.34049 

1.34145 

1.3*202 

1.3*359 

1.3**!5 

1.34552 

1.34449 

1.3*007 

1.3*007 

1*34704 

U.O 

1.34054 

1.34150 

1.362*0 

1.3*362 

1. 3**39 

1.34534 

1.34430 

1.1*010 

1.1*001 

1.34499 

u.o 

1.3405H 

1.34134 

1. 3*229 

1.3*325 

1.36*21 

1.34517 

1.34412 

1.3*511 

1.34011 

1.34469 

20.0 

1.34021 

1.34116 

1.3*211 

1.3*307 

1. 3**02 

1.34497 

1.34593 

1.3*012 

1.1*011 

1.34650 

22.0 

1.34002 

1.34097 

1.3*192 

1.3*287 

1.3*382 

1.34477 

1.34571 

1.3*110 

1.1*010 

1.34629 

24.0 

1 .33951 

1.34076 

1.3*171 

1.3*265 

1.3*300 

1.34454 

1.34549 

1. 3*1*0 

1.1*187 

1.34606 

24.0 

1.33940 

1.34054 

1.3*168 

1.362*3 

1.3*337 

1.34431 

1.34525 

1.1*!** 

1.3*101 

1.34592 

28.0 

1.33937 

1.34031 

1.3*121 

1.3*219 

1.3*313 

1.34407 

1.34501 

1.1*120 

■1.1*118 

1.34557 

30.0 

1.33913 

1.34007 

1.3*100 

1.361V* 

1.3*288 

1.34391 

1.34475 

1.1**1* 

1.3*111 

1.34531 

34.0 

35.0 

30.0 

37.0 

38.0 

39.0 

40.0 

*1.0 

*2.0 

43.0 

0.0 

1.34814 

1.34835 

1.3*051 

1.3*876 

1.3*89* 

1.34916 

1.34937 

1.1*117 

1.1*178 

1.34999 

2.0 

1.34804 

1.34826 

l. 3*8*7 

1.3*867 

1.3*887 

1.34907 

1.34927 

1. 1*1*7 

1.1*108 

1.34999 

4.0 

1.34796 

1.34816 

1.3*830 

1.3*856 

1.3*876 

1.34996 

1.34916 

1.1*13* 

1.3*150 

1.34976 

6.0 

1.34785 

1.34805 

1.3*825 

1.368*5 

1.3*86* 

1.34994 

1.34904 

1.1*92* 

1 . }*!»* 

1.34964 

8.0 

1.34773 

1.34792 

1.3*812 

1.3*831 

1.3*811 

1.34971 

1.34991 

1.1*110 

1.1*110 

1.34949 

10.0 

1.34758 

1.34778 

1.3*797 

1.3*817 

1.3*837 

1.34956 

1.34976 

1.3*81! 

1.3*911 

1.34934 

12.0 

1.34742 

1.34762 

1.3*781 

1.3*801 

1.3*820 

1.14  It  39 

t .141140 

1 rURTI 

! *1*51! 

1 # J*OJT 

14.0 

1.3472  5 

1.34745 

1.3*76* 

1.3*783 

1.3*803 

1.34922 

1.34941 

1.3*801 

i .1*000 

1. 34899 

U.O 

1.34707 

1.34727 

1.3* 7*6 

1.3*765 

1.3*78* 

1 .34803 

1.34923 

l. 1*8*2 

1.1*061 

1.34881 

u.o 

1.34689 

1*34708 

1.3*727 

l. 3*7*6 

1.3*761 

1.3478* 

1.34904 

1.3*823 

1.3*  0*2 

1.34861 

20.0 

1.34669 

1.34  688 

1.3*707 

1.3*726 

1. 3*7*5 

1.34764 

1.34793 

1.3*802 

1.3*821 

1.34840 

22.0 

1.34647 

1.34666 

1.3*681 

1.3*70* 

1.3*723 

1.14742 

1.34761 

1.3*780 

1.1*711 

1. 34818 

24.0 

1.34625 

1.34644 

1.3*662 

1.3*682 

1.3*700 

1.34719 

1.34739 

1.3*717 

1.3*776 

1.34795 

24.0 

1.34601 

1.34620 

1. 3*638 

1.3*658 

1.3*076 

1.34695 

1.14714 

1.1*731 

1.1*752 

1.34771 

20.0 

1.34576 

1.34595 

1.3*61* 

1.3*632 

1.3*651 

1.34670 

1.34699 

1.3*707 

1.1*726 

1.34745 

30.0 

1 . 34550 

1.34569 

1. 3*588 

1.3*606 

1.3*625 

1.34644 

1.34663 

1.3*081 

1.1*700 

1.34719 
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A>1  (com) 


M 

[Oil 

A = 481 

_ . . AAf  IHMIO  M * % 

•c 

1 0.0 

9.0 

10.0 

13.0 

20.0 

23.0 

30.0 

31.0 

32.0 

11.0  1 

*.* 

1.33013 

1.34014 

1.34113 

1.34213 

1.3431* 

1.34417 

1.34517 

1.1453* 

1.34330 

1.14570 

M 

1.33012 

1.34012 

1.34111 

1.34211 

1.34111 

1.34411 

1.34311 

1.34311 

1.3*351 

1.14*71 

*.* 

1.33000 

1.34007 

1.34104 

1.34203 

1.34104 

1.34403 

1.34302 

1.34522 

1.34342 

1.145*2 

»•! 

1.33003 

1.34001 

1.340*0 

1.341*7 

1.342*3 

1.343*4 

1.34407 

1.34312 

1.34331 

1.14351 

1.1 

1.33003 

1.33003 

1.34000 

1.34100 

1.342*5 

1.343*3 

1.34400 

1.344** 

1.3431* 

1.3*33* 

>•.• 

1.33004 

1.33003 

1.34070 

1.34174 

1.34271 

1.343*0 

1.344*4 

1.344*3 

1.34305 

1.14324 

U4 

1.33074 

1.33070 

1.34044 

1.341*2 

1.3423* 

1.34334 

1.34431 

1.14470 

1.3440* 

1.14300 

tM 

1.33041 

1.33037 

1.34032 

1.34147 

1.34243 

1.3433* 

1.34434 

1.34453 

1.34472 

1.144*1 

U.O 

1.33044 

1.31041 

1.34034 

1.34131 

1.3422* 

1.34321 

1.3441* 

1.34435 

1.34433 

1.1*472 

1M 

1.33030 

1.33024 

1.34010 

1.34113 

1.3*20* 

1.34302 

1.343*7 

1.3441* 

1.34434 

1.14491 

M.0 

1.33013 

1.33007 

1.34001 

1.34M3 

1.3410* 

1.342*3 

1.34377 

1.343** 

1.34414 

1.14411 

22.0 

1.33704 

1.33000 

1.33*02 

1.34*73 

1.341** 

1.342*2 

1.3433* 

1.1*373 

1.343*7 

1.14412 

24.0 

1.33774 

1.33040 

1.33*41 

1.34034 

1.34147 

1.34241 

1.34334 

1.34353 

1.34371 

1.141V* 

20.0 

1.33733 

1.33444 

1.33030 

1.34032 

1.34123 

1.3421* 

1.34311 

1.34330 

1.3434* 

1.141*7 

20.0 

1.33730 

1.33023 

1.33*14 

1.3400* 

1.34102 

1.341*4 

1.342*7 

1.3410* 

1.34324 

1.14141 

20.0 

1.33704 

1.33700 

1.330*1 

1.33*04 

1.34077 

1.341** 

1.342*2 

1.342*1 

1.3429* 

1.34110 

34.0 

33.0 

34.0 

37.0 

30.0 

3*.0 

40.0 

41.0 

42.0 

41.0 

0.0 

1.34300 

1.34410 

1.3443* 

1.34*3* 

1.34*7* 

1.34*** 

1.3471* 

1.3473* 

1.3475* 

1.14700 

2.0 

1.34301 

1.34411 

1.34431 

1.34*51 

1.34*71 

1.34*91 

1.34711 

1.34731 

1.34730 

1.14770 

4.0 

1.34301 

1.34401 

1.34421 

1.34*41 

1.34«*1 

1.34*00 

1.34700 

1.34720 

1.34740 

1.14740 

4.0 

1.34370 

1.34300 

1.34410 

1.34*2* 

1.34*4* 

1.34*** 

1.34*0* 

1.3470* 

1.34720 

1.14747 

0.0 

1.34330 

1.34377 

1.343*7 

1.34*1* 

1.34*1* 

1.34*55 

1.34*75 

1.34*94 

1.34714 

1.14711 

10.0 

1.34343 

1.34343 

1.54302 

1.34*02 

1.34*21 

1.34*40 

1.34**0 

1.34*7* 

1.34*** 

1.14710 

12.0 

1.34327 

1.34347 

1.34344 

1.34303 

1.34*04 

1.34*23 

1.34*43 

1.34**2 

1.34*01 

1.14700 

14.0 

1.34310 

1.34320 

1.34340 

1.343*7 

1.3450* 

1.34*03 

1.34*24 

1.34*43 

1.344*3 

1.34*02 

16.0 

1.34402 

1.34310 

1.34320 

; 1.3034* 

1.343*7 

1.34  >04 

1.34*05 

1.34*24 

1.34*43 

1.14**2 

10.0 

1.34472 

1.34401 

1.34310 

1.3432* 

1.3434* 

1.345*7 

1.34505 

1.34*04 

1.34*23 

1. 34(42 

20.0 

1.34432 

1.34471 

1.344*0 

1.34300 

1.34327 

1.3454* 

1.345*5 

1.345*4 

1.34*02 

1.14421 

22.0 

1.34431 

1.34440 

1.34440 

1.344*7 

1.3450* 

1.34524 

1.34543 

1.345*2 

1.34301 

1.145*9 

24.0 

1.34400 

1.34427 

1.34444 

1.344*4 

1.344*3 

1.34502 

1.34521 

1.3453* 

1.14530 

1.14577 

24.0 

1.34303 

1.34404 

1.34423 

1.34441 

1.344*0 

1.34470 

1.344*7 

1.3451* 

1.14334 

1.14551 

20.0 

1.34341 

1.34300 

1. 343*0 

1.34417 

1.34434 

1.34454 

1.34473 

1.34401 

1.34510 

1.1452* 

30.0 

1.34334 

1.34333 

’ .34373 

1.34302 

1.344H 

1.34420 

1.340*0 

1.344*6 

1.34405 

1.14501 

w 

[Cd] 

II 

I 

PIMP 

lAlJUIVir  tmr  \ 

1 

7W7 

°c 

0.0 

3.0 

10.0 

13.0 

20.0 

25.0 

30.0 

31.0 

32.0 

*3.0 

0.0 

1.33701 

1.33001 

1.33001 

1.34001 

1.34100 

1.34201 

1.34301 

1.3*320 

1.34340 

1.34341 

2.0 

1.33700 

1.33700 

1.33000 

1.330*7 

1.340*4 

1.341*5 

1.342*4 

1.34314 

1.3*333 

1.34353 

4.0 

1.33407 

1.33704 

1.33003 

1.33*01 

1.340*0 

1.341*7 

1.342*5 

1.34305 

1.34324 

1.34344 

4.0 

1.33401 

1.33708 

1.33003 

1.33*02 

1.340*0 

1.34177 

1.34274 

1.342*4 

1.34313 

1.34333 

0.0 

1.33403 

1.33770 

1.33074 

1.33*72 

1.340  k* 

1.341*5 

1 .342*2 

1.342(1 

1.34301 

1.34320 

10.0 

1.33474 

1.33740 

1.33043 

1.330*1 

1.34037 

1.34152 

1.34240 

1.3*267 

1.342*0 

1.34304 

12.0 

1.33443 

1.33730 

1.33033 

1.33*4* 

1.34043 

1.3413* 

1.34233 

1.34252 

1.34271 

1.34290 

14.0 

1.33431 

1.33743 

1.3303* 

1.33*34 

1.3402* 

1.34122 

1.3421* 

1.3*235 

1.3*25* 

1.34273 

14.0 

1.33434 

1.33730 

1.33024 

1.33*17 

1.34011 

1.34105 

1.34100 

1.3*217 

1.3423* 

1.34255 

10.0 

1.33420 

1.33714 

1.330  0 7 

1.33000 

1.33*03 

1.340*7 

1.341(0 

1.3410* 

1.1*217 

1.34234 

20.0 

1.33403 

1.33404 

1.33700 

1.33*01 

1.33*74 

1.34047 

1.34140 

1.3417* 

1.3*197 

1.34216 

22.0 

1.33304 

1.33477 

1.33740 

1.33*42 

1.33*54 

1.34047 

1.34130 

1.3*15* 

1.3417* 

1.34195 

24.0 

1.33344 

1.33434 

1.33740 

1.33(41 

1.33033 

1.34025 

1.3411* 

1.34136 

1.34155 

1.34173 

24.0 

1.33343 

1.33433 

1.33727 

1.33(1* 

1.33*11 

1.34003 

1.34005 

t. 34114 

1.34132 

1.34150 

20.0 

1.33321 

1.33412 

1.33704 

1.33706 

1.33(00 

1.33*70 

1.34071 

1.34000 

1.34100 

1.34126 

30.0 

1.33407 

1.33340 

1.33400 

1.33771 

1.33*43 

1.33055 

1.3404* 

1.34065 

1.34003 

1.34101 

34.0 

33.0 

34.0 

37.0 

30.0 

30.0 

40.0 

41.0 

42.0 

43.0 

0.0 

1.34300 

1.34400 

1.34420 

1.34440 

1.34440 

1.344(0 

1.34500 

1.34520 

1.14540 

1.34540 

2.0 

1.34373 

1.34303 

1.34413 

1.34432 

1.34452 

1.34472 

1.34402 

1.34512 

1.3*531 

1.34551 

4.0 

1.34344 

1.34303 

1.34403 

1.34423 

1.34442 

1.34442 

1.344(1 

1.34501 

1.3*521 

1.34540 

4.0 

1.34332 

1.34372 

1.34301 

1.34411 

1.34430 

t. 34450 

1.34460 

1.344(0 

1.34500 

1.34527 

t.U 

1.34330 

1.34330 

1.34370 

1.34307 

1.34414 

1.34434 

1.34455 

1.3*474 

1.34493 

1.34513 

10.0 

1.34323 

1.34344 

1.343  4 3 

1.343(2 

1.34401 

1.34420 

1.34440 

1.34450 

1.3*47* 

1.34457 

12.0 

1.34300 

1.34320 

1.343  47 

1.34  3 4* 

1.343(5 

1.34404 

1.34423 

1.3*442 

1.344*1 

1.344*0 

14.0 

1.34202 

1.34311 

1.34330 

1.3434* 

1.34347 

1.343(6 

1.34405 

1.34424 

1.34443 

1.34442 

14.0 

1 ,U)» 

t,u»> 

; ,u>; « 

1 ,uiin 

* ..... 

« ***•« 

t .3**05 

1 

10.0 

1.34234 

1.34273 

1. 34202 

1. 34310 

i .34320 

1.3434* 

1.34344 

1.343(5 

1.34404 

1.34422 

20.0 

1.34234 

1.34233 

1.34271 

1.34200 

1.3430* 

1.34327 

1.34346 

1.343*4 

1.343*3 

1.34401 

22.0 

1.34213 

1.34232 

1.34230 

1.342*0 

1.342*7 

1.3430* 

1.34324 

1.34343 

1.343*1 

1.34390 

24.0 

1.34102 

1.34210 

1.34220 

1.34247 

1.342*4 

1.342(4 

1.34302 

1.34321 

1.3433* 

1.34359 

24.0 

1.34140 

1.34107 

1.34204 

1.34224 

1.34243 

1.342*1 

1.3427* 

1.342*( 

1.3*11* 

1.34335 

20.0 

1.34143 

1.34143 

1.34101 

1.34200 

1.3421* 

1.34237 

1.34255 

1.34273 

1.342*2 

1.34310 

30.0 

1.34110 

1.34130 

1.34134 

1.34174 

1.341*3 

1.34211 

1.34220 

t.3424( 

1.142*6 

1.34294 

Hm 


1 


1 


1 


i 


a 


i &£rJLr  j.  _ _ 


VMM*  A>).  (com) 


(•) 


[Hi)  A = MM  mu 


<?*’ 

1 0.0 

1.0 

10.0 

Ml 

13.0 

u«mr<* 

20.0 

to) 

23.0 

10.0 

11.0 

12.0 

“TTT1 

0.0 

1.11M1 

1.11444 

1.D74) 

1.33042 

1.11*41 

1.14041 

1.14140 

1.1413* 

1.1417* 

1.141** 

I.t 

1.UM3 

1.1M41 

1.1)21* 

1.33*34 

1.11*1* 

1.14014 

1.141)2 

1.34132 

1.1*171 

1.14191 

4.0 

i.nut 

1.11414 

1.1)714 

1.33031 

1.11*2* 

1.14024 

1.1412) 

1.34142 

1.341*2 

l.Mltl 

*•0 

I.1KH 

1.3)410 

1.1)727 

1.31*2) 

1.11*20 

1.14014 

1.1411) 

1.34132 

1.34131 

1.34171 

c«o 

i.nuT 

1.11422 

1.1171* 

1. 11*14 

1.11*10 

1.14004 

1.14101 

1.34120 

1.3413* 

1.3413* 

lO.e 

1.1MII 

1.11413 

1.1)7** 

1.31**) 

1.110*0 

1 •))**> 

1.14M* 

1.34107 

1.3412* 

1.34143 

12.0 

1.1)002 

1.1)401 

1.314*3 

1.117** 

1.11*04 

1.31*70 

1.14072 

1.340*1 

1.3*110 

1*16129 

14.0 

1.11404 

1.1)302 

1 .3)4*1 

1.1)773 

1.31040 

1.11*42 

1.1*033 

1.34*74 

1. 3*0*3 

1.34111 

u.o 

1.1142* 

1.31322 

1.334** 

1.1)73* 

1.11031 

1.11*43 

1.140)7 

1.3403* 

1.3*073 

1*16091 

10.0 

1.1)444 

1.1)334 

1 .33*40 

1.1)742 

1.13*14 

1.11*24 

1.1401* 

1.3403* 

1.34*3* 

1.3407* 

20.0 

1.3)667 

1.1331* 

1.114)1 

1.1)721 

1.11*13 

1.11*07 

1.34000 

1.34*10 

1.3*03* 

1.34033 

22*0 

1.1)420 

1.1)320 

1.1)412 

1.1)704 

1.117*3 

1.1M07 

1.11*7* 

1.33*07 

1.34013 

1*16016 

26.0 

1.1)4** 

1.33300 

1.113*1 

l.)14«3 

1.11774 

1. 11043 

1.11*37 

1.33*73 

1.330** 

1.14012 

24.0 

1.11101 

1.114)* 

1.333** 

l«33**i 

1.11731 

1.1104) 

1.13*14 

1.33*32 

1.13*71 

1*11909 

20.0 

1.1)141 

1.13433 

1. 11347 

1.33*3* 

1.1)72* 

i.:mi* 

I.1MI0 

1.33*2* 

1*1)967 

1.31*03 

90*0 

1.1)141 

1.314)2 

1.1)322 

1.1)413 

1.31704 

1.137*3 

1.11*04 

1.33*04 

1.31*22 

1.33340 

34.0 

35.0 

3*o  0 

37.0 
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24.0 

1.33476 

1.53494 

1.33912 

1.11010 

1*33949 

1 *33*67 

1*33945 

1.1*003 

1.1*021 

1.3*011 

24.0 

1.33453 

1.33471 

1.33449 

1.13X7 

1*33926 

1 *33994 

1*33961 

1.331(0 

1.11111 

1.X01* 

24.0 

1.13430 

1.33444 

1.33646 

1.11H4 

1*33902 

1*33920 

1*33934 

1.3113* 

1.1X7* 

1.11112 

90.0 

1.33404 

1.33424 

1.3344? 

1.11*40 

1*33476 

1*33496 

1*33914 

1.13132 

1.11130 

1.11X* 

1 MM 


3 mm 


A-ao 


1 


I 


a 

1 

1 

* 


ti£uiat 


ttaaaaaag 


TaM*  A4.  (com) 


[Oil  X = NMm 


«fc 

1 0.0 

3.0 

10*0 

Ml 

15.0 

UMTT  (4 

2C.0 

-W 

23.0 

10.0 

11.0 

12.0 

"TT1 

0.0 

1.1)242 

1.13)1) 

U 33437 

1.33)3) 

1.11433 

1.11732 

1.3)42) 

1.1)04) 

1.1)04) 

1.11004 

2.0 

1.1)240 

1.3)117 

1*33434 

1.11)31 

1.1)620 

1.1)726 

1.1)02) 

1.3)042 

1.1)041 

1.1M01 

4.0 

1.112)4 

1.))))) 

1*33424 

1.13)2) 

1.11421 

1.1)710 

1.1M14 

l.DOD 

1.1)032 

1.11072 

4.0 

1.112)1 

1.1)126 

1*33422 

1.31)17 

1.11412 

1.1)700 

1.33404 

1.1)02) 

1.1)042 

1.11041 

• *0 

1.1)224 

1.1)114 

1*33413 

1.31)04 

1.1)402 

1.13407 

1.317)2 

1.D011 

1.1102) 

1.11*40 

!0.0 

1*1)21) 

1.1310) 

1 *33402 

1.134)4 

1.311)0 

1.3)404 

1.3)774 

1.117)7 

1.1)014 

1.11014 

12.0 

1.3)20) 

1.332)4 

1*33341 

1.1)444 

1.11)77 

1.3)470 

1.1)74) 

1.33702 

1*11000 

1.1M19 

14.0 

1.311)3 

1.3)243 

1.33377 

1.31470 

1.11)42 

1.33454 

1.1)747 

1.11765 

1.1170* 

1.11002 

16.0 

1.1)17) 

1.33270 

1*33342 

1.114)4 

1 .11)4) 

1.33*37 

1.1)72) 

1.3)747 

1.11744 

1.11704 

10.0 

1.1)14) 

1.13234 

1*33343 

1.114)7 

1.11)20 

1.33*1) 

1.33710 

1.3)720 

1.11744 

1.11741 

20.0 

1.1)144 

1.332)7 

1*33327 

1.1)414 

1 .DM) 

t.335)) 

1.334)0 

1.3)700 

1.11724 

1.11744 

22.0 

1. 1)122 

1.33214 

1*33304 

1.131)4 

1.1140) 

1.1357) 

1.1)44) 

1.31407 

1.11705 

1.11721 

24.0 

1.11104 

1.331)4 

1*33244 

1.13)74 

1.31447 

1.33557 

1.1)447 

1.1)445 

1. 11401 

1.11701 

24.0 

1.11047 

1.3)177 

1*33244 

1.133)4 

1.1)44) 

1.3)515 

1.1)625 

1. 31442 

1.11440 

1.1147) 

20.0 

1.3)04) 

1.331)4 

1*33244 

1.13)11 

1.11422 

1.33512 

1.1)401 

1.1341) 

1.1M17 

1.11453 

30.0 

1.1)042 

1.131)1 

1*33220 

1.3)10) 

l.lllM 

1.1)407 

1.3)577 

1.115)4 

1.11412 

1.13410 

>*.0 

33.0 

34*0 

37.0 

34.0 

D.O 

40.0 

41.0 

42.0 

41.0 

0*0 

1.11)04 

1.11)27 

1*33447 

1.11)44 

-1.3)104 

1.34006 

1.14025 

1.34045 

1.14043 

1.14004 

2.0 

1.11)00 

1.11)20 

1*33434 

1.11)5) 

1.13)70 

1.1M11 

1.34017 

1.14034 

1.14054 

1.14075 

4.0 

1.114)1 

1.11)10 

1*33924 

1.37)4) 

1.13)40 

1.31)47 

1.34007 

1.34024 

1. 14043 

1.14044 

4.0 

1.1)440 

1.134)) 

1.33914 

1.11)17 

1.33)54 

1.13)75 

1. 3)1)4 

1.34013 

1.14011 

1.14052 

t.O 

1.1)447 

1.334)4 

1*33905 

1.33)24 

1.11)41 

1.11)42 

1.31)01 

1.34000 

1.1401) 

1. 14030 

10.0 

1.314)1 

1.33472 

1*33491 

1.11)0) 

1.11)20 

1.11)47 

1.13)46 

1.31)45 

1.14003 

1.14022 

12.0 

1.33437 

1. 131156 

1.334  75 

1.114)1 

1.13)12 

1.31)11 

1.31)4) 

1.31)44 

1.13)04 

1-14005 

14.0 

1.1)421 

1.33439 

1.33457 

1.33476 

1.33494 

1.3)11) 

1.11)11 

1.11)50 

1.31)40 

1.11)04 

16.0 

1.33402 

1.33421 

1*33439 

1.33457 

1.33476 

1.114)4 

1.13)12 

1.11)30 

1.31)49 

1.11)47 

U.O 

1.317*1 

1.13401 

1*33820 

1.1)414 

1.11454 

1.33474 

1.1)412 

1.13)11 

1.11)2) 

1.11)47 

20.0 

1.13763 

1.33781 

1*33799 

1.33417 

1.33435 

1.13453 

1.31*72 

1.114)0 

1.13)04 

1.11)24 

22.0 

1.13741 

1.3375) 

1.33778 

1.337)4 

1.3)41) 

1.33432 

1.33450 

1.3)444 

1.33044 

1.13)04 

24.0 

1.3371) 

1.33737 

1.33  7 5 5 

1.33773 

1.317)1 

1.1)40) 

1.1)027 

1.33445 

1.1)443 

1.31.101 

24.0 

1.334)4 

1.33714 

1.33732 

1.117)0 

1.1)764 

1.3)744 

1.1)004 

1.3)42? 

1.1341) 

1.11050 

20.0 

1 . 33672 

1.336)0 

1.33704 

1.3)726 

1.3)744 

1.13762 

1.13740 

1.317)4 

1.1)415 

1.11011 

30.0 

1.33644 

1.13666 

1 *33444 

1.33701 

1.3171) 

1.337)7 

1.3)755 

1.3)77) 

1.117)1 

1.33000 

Atmospheric  Pressure 


This  table  holds  for  exactly  the  same  values  of  salinity  and  temperature  given  for  Tables  A-1  through 
A-3.  It  contains  the  same  data  given  in  Table  A-1  but  in  a different  form  and  with  some  additional  wave- 
lengths. It  gives  the  dependence  of  index  of  refraction  of  seawater  (with  respect  to  air)  on  temperature 
and  wavelength  at  atmospheric  pressure,  for  individual  values  of  salinity. 


The  salinities  have  been  chosen  every  5%,  between  0 and  30%,,  and  every  1%.  between  30  and 
43%,  for  oceanographic  considerations.  The  temperattres  are  every  2°C  between  0 and  30° C.  The  wave- 
lengths have  been  chosen  equispaced  every  10  nm  between  400  and  700  nm,  giving  an  advantage  over 
Table  A-1. 


The  accuracy  is  "within"  3 x 10“*  in  index  in  the  interpolated  wavelength  range  (404.7  to  643.8  nm) 
and  possibly  slightly  less  accurate  outside  this  range. 
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Takll  A-4.  INDEX  OF  REFRACTION  of  seawater 

Selected  Salinities  - Atmospheric  Fressure 


C 


(FUME  WATER) 


r«*p 

°c 

1 400.0 

410.0 

420.0 

430.0 

lAVSLSMC 

440.0 

450.0 

*•0.0 

*70.0 

488.0 

4*0.0 

! 

0*0 

1.34419 

1.34324 

1.34243 

1.34164 

1.34092 

1.34024 

1.UH0 

1.11*00 

1.5)844 

1.937*1 

2.0 

1.34417 

1.34327 

1.34242 

1.34162 

1.34091 

1.34023 

l.Hlit 

1.1M** 

1.3)843 

1.337*0 

4.0 

1.34413 

1.34323 

1.34238 

1.34159 

1.34087 

1.34020 

l.UtM 

1.110*1 

1 .3)8)4 

1.337*7 

4.0 

1.34404 

1.34318 

1.34232 

1.34153 

1.34082 

1.34014 

1.11M0 

1.110*0 

1.338)4 

1.337*1 

8.0 

1.34400 

1.34310 

1.34225 

1.34144 

1.34074 

1.34007 

1.31*0 

1.310*1 

1.33826 

1.33773 

10.0 

1.34390 

1*34300 

1.34215 

1.34134 

1.3-Y064 

1.33997 

1.13913 

1.11*71 

1.33817 

1.3374* 

K2.0 

1.34379 

1.34289 

1.34204 

1.34125 

1.34053 

1.33985 

1. 11*21 

1.110*1 

1.33805 

1.33733 

14,0 

1.34344 

1.34276 

1.34191 

1.34112 

1.34040 

1.33972 

1.11*0* 

1.1M** 

1.3)79) 

1.337*1 

14.0 

1.34351 

1.34261 

1.34174 

1.3409? 

1.34025 

1.33957 

1.11**} 

1.31*33 

1.33778 

1.3372* 

18.0 

1.34334 

1.34245 

1.34160 

1.34081 

1.34009 

1.33941 

1.33177 

1.11*17 

1.3)762 

1.33710 

20.0 

1.34317 

1.34227 

1.34142 

1.34063 

1.33992 

1.3392* 

1. 11**0 

1.11*00 

l.)3?45 

1. 33**3 

22.0 

1 .34244 

1.34208 

1.34123 

1.34044 

1.33972 

1.33905 

1.11*41 

1.117*2 

1.33726 

1.33*7* 

24.0 

1.34277 

1.34187 

1.34102 

1.34024 

1.33952 

1.33885 

1.11*21 

1.117*2 

1.33706 

1.33*3* 

26.0 

1.34255 

1*34166 

1.34061 

1.34002 

1.33931 

1.33864 

1.11*00 

1.117*0 

1.33664 

1.33*32 

26,0 

1.34232 

1.34143 

>.34058 

1.33979 

1.33908 

1.33641 

1.11717 

1.11717 

1.33662 

1.33*10 

30.0 

1.34204 

1.34U9 

1.14034 

1.33955 

1.33884 

1*33816 

1. 11711 

1.31*91 

1.33638 

1.3330* 

500.0 

510.0 

520.0 

530.0 

540.0 

550.0 

1*0.0 

*70.0 

560.0 

3*0.0 

0.0 

1.33741 

1.33694 

1.33649 

1.33407 

1.33567 

1.33530 

1.11*** 

l .11**9 

1.33424 

1.333*3 

2.0 

1.33740 

1.33693 

1.33648 

1.33406 

1.33546 

1.33529 

1. 11**1 

1.114*7 

1.33423 

1.339*2 

4.0 

1.32737 

1.33490 

1.33645 

1.33603 

1.33563 

1.33525 

1.31*** 

1.11*** 

1.33420 

1.933** 

6.0 

1.33731 

1.33484 

1.33640 

1.33597 

1.33557 

1.33520 

1.31*01 

1.11*4* 

1.33415 

1.333*3 

8.0 

1.33723 

1.33676 

1.33632 

1.33590 

1.33550 

1.33512 

1.31*71 

1.134*0 

1.33406 

1.3337* 

!0.0 

1.33714 

1.33467 

1.33623 

1.33581 

1.33541 

1.33503 

1.11*** 

1.13*11 

1.33399 

1.333*7 

12.0 

1.33703 

1.33456 

1.33612 

1.33569 

1.33529 

1.33492 

1.33*11 

1.13*20 

1.33386 

1.3333* 

14.0 

1.33441 

1.33644 

1.33599 

1.33557 

1.33517 

1.33479 

1.31**3 

1.11*0* 

1.33375 

1.333*3 

14.0 

1.33476 

1.33629 

1.33585 

1.33542 

1.33502 

1.33465 

1.31410 

1.311** 

1.33361 

1.3932* 

18.0 

1.33440 

1.33613 

1. 3^569 

1.33526 

1.33484 

1.33450 

1.31*1* 

1.11379 

1.33345 

1.3391* 

20.0 

1.33643 

1.33596 

1.33551 

1.33509 

1.33469 

1.33433 

1.113*7 

1.331*2 

1.33326 

1.332*7 

22.0 

1.33624 

1.335  77 

1.33533 

1.33490 

1.33451 

1.33414 

1.3117* 

1.331*4 

1.33304 

1.3327* 

24.0 

1.33604 

1.33557 

1.33513 

1.33470 

1.33431 

1.33394 

1.3311* 

1.1312* 

1.3326V 

1.3323* 

26.0 

1.33583 

1.33526 

1.33492 

1.33449 

1.33409 

1.33373 

1.3133* 

1.11101 

1.33268 

1.33237 

28.0 

1.33560 

1.33514 

1 • 33469 

1.33427 

1.33387 

1.33351 

1.3111* 

1.112*1 

1.33246 

1.33213 

30.0 

1.33337 

1.33490 

1.33445 

1.33403 

1.33363 

1 »33?"!7 

1.112*2 

1.132*7 

1.33223 

1.331*2 

600.0 

610.0 

620.0 

630.0 

640.0 

650.0 

»*0.0 

*70.0 

660.0 

**0.0 

700.0 

0.0 

1.33362 

1.33333 

1.333  0 5 

1.33278 

1.33251 

1.33225 

1.11200 

1.1317* 

1.33153 

1.33130 

1.33106 

2.0 

1*33341 

1.33332 

1.33304 

1.33276 

1.33250 

1.33224 

i.iim 

1.1117* 

1.33K52 

1.3312* 

1.33106 

4.0 

1.33358 

1.33328 

1.33300 

1.33273 

1.33244 

1.33220 

i.iii*} 

1.31171 

1.33148 

1.3312* 

1.33105 

4.0 

1.33352 

1.33323 

1.33294 

1.33267 

1.33241 

1.33215 

1.311*0 

1.111** 

1.33143 

1.33121 

1.33100 

8.0 

1.33345 

1.33316 

1.33288 

1.33260 

1.33234 

1.33208 

1.311*3 

1.111*9 

1.33136 

1.9311* 

1.33093 

10.0 

1.33336 

1.33307 

1.33279 

1.33251 

1.33225 

1.33199 

1.1117* 

1.331*0 

1.33127 

1.33103 

1.33084 

12.0 

1.33325 

1.33296 

1.33268 

1.33241 

1.33214 

1.33189 

l. Ill** 

1.331*0 

1.3311* 

1.330*3 

1.33074 

14.0 

1.33312 

1.33283 

1.33255 

1.33229 

1.33202 

1.33177 

1.13112 

1.3312* 

1.33105 

1.33003 

1.33061 

14.0 

1.33299 

1.33270 

1.33242 

1.33215 

1.33189 

1.33163 

1.1313* 

1.1111* 

1.33041 

1.330** 

1.33047 

u.o 

1.33284 

1.33255 

1.3J227 

1.33200 

1.33173 

1.33147 

1.13122 

1.1109* 

1.33076 

1.33033 

1.33032 

20.0 

1.33267 

1.33238 

1.33210 

1.33183 

1.33156 

1.33130 

1.33101 

1.310*1 

1 *33059 

1.33037 

1.33016 

22.0 

1*33248 

1.33220 

1.33191 

1.33144 

1.33138 

1.33112 

t. 330*7 

1.330*1 

1.33040 

1.31010 

1.32997 

24.0 

1.33229 

1.33200 

1.33172 

1.33144 

1.33118 

1.33092 

1.110*7 

1.310** 

1.33021 

1.32*** 

l.324*’8 

<>.0 

1.33208 

1.33179 

1.33151 

1.33124 

1.33097 

1.33071 

1.110*7 

1.13021 

1.33000 

1.32*7* 

1.32956 

28. C 

1.33186 

1.33157 

1.33129 

1.33102 

1.33075 

1.33049 

1.33021 

1.31001 

1.32978 

1.37*37 

1.32936 

30.0 

1.33162 

1.33134 

1.33106 

1.33078 

1.33052 

1.33026 

1.31001 

1.32*7* 

1.32955 

1.32*3* 

1.32913 

gjiia^daSiiMaaiaBa iaaaaa^  aggatea — - - 


* 
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I 


f 
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TXMF 

I 

i 

rAVXLZlf 

OTH  (••)• 

1 

°C 

400*0 

410.0 

420*0 

430*0 

440*0 

450.0 

4*0.0 

470.0 

460*0 

*40.0 

0.0 

1*34425 

1*34534 

1*34448 

1*34348 

1*34295 

1*34227 

1.341*2 

1.34102 

1*34045 

1.33*42 

2*0 

1.34421 

1*34531 

1*34444 

1*34365 

1*34242 

1*34224 

1.3413* 

1.340*4 

£•34042 

1.33M* 

6*0 

1*34414 

1.34525 

1.34439 

1*34359 

1*34267 

1*34219 

1.34134 

1.340*3 

1*34037 

1.33*04 

6*0 

1.34404 

1*34517 

1*34432 

1*34352 

1*34279 

1*34211 

1.3414T 

1.340** 

1*34029 

1.33*77 

0*0 

1.34544 

1*34506 

1*34422 

1*34343 

1.34270 

1*34202 

1.3413* 

1.34077 

1*34020 

1.33*67 

10*0 

1*34544 

1*34496 

1*34412 

1*34332 

1*34260 

1*34192 

1.34127 

1.340** 

1*34010 

1.33*37 

12*0 

1*34574 

1*34465 

1.34)44 

1*34319 

1*34247 

1*34176 

1.34114 

1 .34053 

1*33997 

1.33*44 

14*0 

1*34542 

1.34471 

1*34)85 

1*34305 

! *34232 

1*34144 

1.340** 

1.3403* 

1*33963 

1.33*30 

U.O 

1*34544 

1*34455 

1*34369 

1*34290 

1*34217 

1*34148 

1.340*3 

1.34023 

1*33947 

1.33*13 

10*0 

1*34524 

1*34434 

1.34352 

1*34273 

1*34200 

1*34131 

1.340** 

1.34004 

1*33950 

1.33*** 

20,0 

1*34510 

1*34420 

1*34334 

1*34254 

1*34182 

1*34113 

1.3404* 

1.339** 

1*33932 

1.330*0 

22  *0 

1.34440 

1*34400 

1.34314 

t. 34235 

1*34162 

1*34094 

1.3402* 

1.33*** 

1*33912 

1.33*60 

24*0 

1*34444 

1.34379 

1.3424) 

1*34213 

1*34141 

1*34073 

1.3400* 

1.33*4* 

1*33692 

1.33*35 

26*0 

l . 34447 

1*34356 

1.34271 

1*34191 

1*34119 

1*34051 

1.33*** 

1.33*2* 

1.33670 

1.33*17 

28*0 

1*34423 

1*34333 

1.34247 

1*34167 

1.34095 

1*34027 

1. 33**3 

1 .33*03 

1*33644 

1.337*4 

30*0 

1*34394 

1*34306 

1*34222 

1*34143 

1*34071 

1*34003 

1.33*3* 

1.33*7* 

1*33622 

1.33770 

500*0 

510.0 

520.0 

530.0 

540.0 

550.0 

3*0.0 

570.0 

510*0 

5*0.0 

0.0 

1*33542 

1*33644 

1.33449 

1*33806 

1*33766 

1.33728 

1. 33**1 

1.33*3* 

1*33422 

1.333** 

2*0 

1*33434 

1*33641 

1*33846 

1*33803 

1.33/63 

1.33725 

1»33*M 

1.33*53 

1*33419 

1.333*7 

4.0 

1*33433 

1*23466 

1.338M 

1*33748 

1.33757 

1*3)720 

1.336*3 

1.33*4* 

1*33414 

1.335*2 

6*0 

t. 33426 

1*33476 

1.33834 

1*33791 

1.33750 

1*33712 

1.33*73 

1.33*40 

1*33407 

1.33575 

0*0 

1.33417 

1*33644 

1*33824 

1*33782 

1.33742 

1.3)703 

1.33*** 

1.33*31 

1.3  3599 

1.333** 

10.0 

1.33406 

1*33856 

1*33814 

1.33771 

1.33731 

1.33493 

1.33*33 

1.33*20 

1*33586 

1.3353* 

12*0 

1*33644 

1*33846 

1.33401 

1.3)759 

1*33710 

1*33680 

1.33*43 

1.33600 

1*33576 

1.33543 

14*0 

1 . 33640 

1*33832 

1.33787 

1.3)744 

1.33704 

1*33464 

1.33*30 

1.335*5 

1.33541 

1.3332* 

14*0 

1.33B6* 

1*33817 

1.33772 

1*33729 

1*33446 

1*33451 

1.33*13 

1.335*0 

1*33546 

1.33314 

14*0 

1*33046 

1*33800 

1.33755 

1*33712 

1*33672 

1*33635 

1.333** 

1.335*3 

1.33529 

1.334*7 

20*0 

1*35629 

1*33782 

1*33737 

1*33694 

1*33454 

1*3)617 

1.333*1 

1.33345 

1*33511 

1.3347* 

22*0 

1*33409 

1*33762 

1.33717 

1*33674 

1*33634 

1.33597 

1.333*1 

1.3332* 

1*33491 

1.334*0 

24,0 

1.33744 

1*33742 

1.33697 

1*33454 

1*33414 

1.33577 

1.33341 

1.3350* 

1*33471 

1.3343* 

24*0 

1.33767 

1*33720 

1*33675 

1.33632 

1.33592 

1.33555 

1.3351* 

1.334*4 

1*33449 

1.3341* 

24*0 

1.33744 

1*33497 

1*33652 

1*33609 

1.33569 

1*33532 

1.33*44 

1.334*1 

1*3)627 

'..333*5 

30*0 

1.33720 

1.33673 

1*33628 

1*33585 

1.33545 

1*33506 

1.33473 

1.3343* 

1*33403 

1.33372 

600.0 

410*0 

620*0 

630*0 

440*0 

450*0 

4*0.0 

*70.0 

460*0 

»*0.0 

700.0 

0*0 

1*33556 

1.33524 

1*33501 

1.33474 

1*33447 

1*33421 

1.333** 

1.33372 

1*33346 

1.33323 

1.33303 

2*0 

1.33556 

1*33524 

1*33448 

1*33471 

1*33444 

1*33418 

1.333*3 

1.333** 

1*33345 

1.33323 

1.33301 

4*0 

r. 33551 

1.33521 

1*33443 

1*33464 

1*33439 

1*33413 

1.333** 

1.333*3 

1*33340 

1.3331* 

1.33247 

4*0 

1.33544 

1*33514 

1*33486 

1.33459 

1*33432 

1*33406 

1.333*0 

1.3335* 

1*33333 

1.33311 

1.332*0 

*•0 

1*33536 

1.3*506 

l *33477 

1*33450 

t *33423 

1.33397 

1.33372 

1.3334* 

1*33325 

1.33302 

1.332*1 

10.0 

1.33525 

1*3)494 

1*33467 

1*33439 

1*33413 

1*33386 

1.333*1 

1.33337 

1*33314 

1.332*2 

1.33271 

12*0 

1*33512 

1*33483 

1*33455 

1*33427 

1*33401 

1.33375 

1.33350 

1.33325 

1*33302 

1.332*0 

1.3323* 

14*0 

1*33496 

1*33469 

1*33441 

1*33414 

1.33387 

1*33341 

1.3333* 

1.33312 

1*33269 

1.332*7 

1.33245 

14*0 

1*33463 

1.33454 

1*33426 

1*33398 

1*33372 

1*3)346 

1.33321 

1.33297 

1*33274 

1.33251 

1.33230 

14*0 

1*33447 

1.33437 

1*33409 

1.33362 

1*33355 

1*33329 

1.33304 

1.332(0 

1*33257 

1.33235 

1.3321) 

20*0 

1.33444 

1*33420 

1*33391 

1.33364 

1*33)37 

1*33311 

1.332** 

1 .332*2 

1*33239 

1.33217 

1.331*3 

22*0 

1*33430 

1*33400 

1.3)372 

1*33345 

1*33316 

1*33292 

1.332*7 

1.33243 

1*33220 

1.331** 

1.3317* 

24,0 

1*33404 

1*3)380 

1*3)352 

1*33325 

1*33296 

1*33272 

1.33247 

1.33223 

1*33200 

1.3317* 

1.3313* 

24,0 

1*33366 

1*33359 

1*33330 

1*33303 

1*33276 

1*33250 

1.33225 

1.33202 

1*33179 

1.33137 

1.3313* 

24,0 

1*33365 

1.33334 

1*33308 

1*33260 

1*33254 

1*33228 

1.33203 

1.3317* 

1*3  3156 

1.33134 

1.33113 

30*0 

1*333*2 

1*33312 

1*33284 

1.33257 

1*33230 

1*33204 

1.3317* 

1.3315* 

1*33133 

1.33111 

1.330*0 
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1->  S = 14%, 


TSMF 

1 

VAVSLBM 

1 

1 

— — i 

400.0 

410.0 

420.0 

430.0 

440.0 

*50.0 

440.0 

470.0 

440.0 

4VO,0 

0.0 

1.3*220 

1.34437 

1.3*551 

1.34*20 

1.343*2 

1.3*32* 

1.342*3 

1.3*202 

1. 3*1*5 

1 *34042 

2.0 

1.3*223 

1.34*32 

1.3*54* 

1.3**** 

1.343*3 

1.3*32* 

1.3425V 

1.34144 

1.341*1 

1.24044 

4*0 

1.3*212 

1.34424 

1.345*0 

1.344*0 

1.34347 

1.3*31* 

1.3425: 

1.3*142 

1.3*135 

1. 34042 

4.0 

1.3*20* 

1.3**1* 

1.34531 

1.34451 

1.3*370 

1.34310 

1.34245 

1.34)44 

1.34127 

1.3*07. 

0.0 

1.34*** 

1.34*0* 

1.34521 

1.34441 

1.3*36* 

1.34300 

1.34235 

1.34175 

1.34114 

1.3*0** 

10.0 

1.34444 

1.34944 

1 -*34510 

1.34*30 

1.34357 

1.34244 

1.3*22* 

1.34U3 

1.34106 

1.34053 

12*0 

!.3**2S 

1.345*3 

1. 3*4*2 

1.34*12 

1.3*34* 

1.3*275 

1.34210 

1.3*1** 

1.34043 

1.34040 

14*0 

1.34440 

1.34544 

1.344*2 

1.3*402 

1.3*32* 

1.342*0 

1.3*145 

1.34134 

1.3*07* 

1.34025 

14*0 

1.34443 

1.34952 

1.3**** 

1.343*4 

1.3*313 

1.3*243 

1.34174 

1.34114 

1.34042 

1.34009 

10.0 

1.34424 

1.3*535 

1.34444 

1.3*3** 

1.34245 

1.3*22* 

1.34161 

1.3*100 

1.34045 

1 .33992 

20.0 

1.3**02 

1.3*51* 

1.34430 

1.3*350 

1.3*277 

1.34207 

1.34142 

1.34042 

1.34026 

1.33473 

22.0 

1.34347 

1.3**** 

1.34410 

1.34330 

1.3*257 

1.34144 

1.34123 

1.34042 

1.34006 

1.33453 

24.0 

1.34544 

1.34*2* 

1.34? 44 

1.3*30* 

1.3*235 

1.3*1*7 

1.34102 

1. 3*0*1 

1.334*5 

1.33932 

”*4.0 

1.3*543 

1.34492 

1.34344 

1*34244 

1.34213 

1.34144 

1.34040 

1.34019 

1 .33462 

1.33410 

lft.0 

1.34314 

1.34424 

1.343*2 

1.34242 

1.34184 

1.34121 

1.34056 

1.33446 

1.33434 

1.33M7 

30.0 

1.34444 

1.34403 

1.3*312 

1.3*232 

1.34164 

1.34046 

1.3*032 

1.33971 

1.33415 

1.33442 

900.0 

510.0 

520.0 

530.0 

540.0 

550.0 

5*0.0 

570.0 

540.0 

S40.C 

0.0 

1.3*042 

1.33*4* 

1.33*4* 

1.33*0* 

1.33M5 

1.33*27 

1.337*0 

1.33755 

1.33720 

1.33M* 

2.0 

1.3*030 

1.33440 

1.33*45 

1.33*01 

1. 33**1 

1.33*23 

1.3370* 

1.33751 

1.33717 

1.33444 

*.0 

1.3*032 

1.33*** 

1.33*3* 

1.33**5 

1.33*55 

1.33017 

1.337*0 

1.337*', 

1.33711 

1.33*74 

4.0 

1.3*023 

1.33*2* 

1.33*30 

1.33*02 

1.33*47 

1.3300V 

1.33772 

1.33736 

1.3370* 

1.33*71 

4.0 

l.?*Oli 

1.334*5 

1.33*21 

1.33*2* 

1.33*3* 

1.33744 

1.337*2 

1.33727 

1.33*4* 

1. 33**1 

10.0 

1.3*002 

1.33*5* 

1.33*0* 

1.331*2 

1.33*2* 

1.337** 

1.33750 

1.33715 

1.3  3443 

1.3m50 

12.0 

1.33*** 

1.33*41 

1.33*** 

1.33*53 

1.33*13 

1.3377* 

1.33737 

1.33702 

1.33*** 

1.33*37 

14.0 

1.33*25 

1.33*22 

1.33441 

1.33*3* 

1.337*0 

1.337*0 

1.33723 

1.336*0 

1.3  3*5* 

1.33*22 

l*.o 

1.33*5* 

1.33*10 

1.33*45 

1.33*22 

1.337*2 

1.337** 

1.3370* 

1.33672 

1.33634 

1.33404 

10.0 

1.33*41 

1. 33**3 

1.331*1 

1.33*05 

1 .337*5 

1.33727 

1.33*40 

1.33655 

1.33421 

1.335  *4 

20.0 

1.33*22 

1.33*25 

1.33*2* 

1.332*2 

1.337*7 

1.3370V 

1.33*72 

1.33636 

1.33603 

1.33570 

22.0 

1.33*02 

1.33*55 

1.33*10 

1.332*2 

1.33727 

1.3366'* 

1.33*52 

1.33416 

1.335*3 

1.33551 

24.0 

1.33B*2 

1.33*3* 

1.33744 

1.33744 

1.33704 

1.33444 

1.33*32 

1.33596 

1.335*2 

1.33530 

20.0 

1.33440 

1.33*12 

1.33767 

1.33724 

1.33444 

1.33446 

1.33*10 

l .33574 

1.33540 

1.3350* 

24.0 

1.33434 

1.332** 

1.33744 

1.33701 

1.33441 

1.33*23 

1.33547 

1.33551 

1.33517 

1.33**5 

30.0 

1.33*12 

1.39745 

1 .33720 

1.33*22 

1.33437 

1.33594 

1.335*3 

1.33527 

1.33444 

1.33442 

400.0 

410.0 

420.0 

430.0 

640.0 

650.0 

440.0 

670.0 

640.0 

640.0 

700.0 

0.0 

1.33*32 

1.33*2* 

1.335** 

1.33522 

1.33545 

1.33519 

1.33*4* 

1.33470 

1.33446 

1.33423 

1.3340) 

2.0 

1.33*33 

1.33*2* 

1.335*5 

1.335** 

1.33541 

1.33515 

1.33440 

1.33444 

1.3  3442 

1.334  20 

1.3334* 

4.0 

1.33*4* 

1.33*1* 

1.335** 

1.335*2 

1.33535 

1.3350V 

1.33444 

1.33*60 

1.33436 

1.33414 

1.33343 

4.0 

1.33*40 

1.93410 

1.335*2 

1.3355* 

1.33527 

1.33501 

1.93476 

1.33452 

: .33424 

1.33404 

1.333*5 

4.0 

1.33*31 

1.33*01 

1.33522 

1.335*5 

1.33514 

1.33442 

1.33*** 

l.33**2 

1.3:414 

1.33347 

1.3337* 

10.0 

1.33*14 

1.335*0 

1.335*1 

1.33533 

1.33504 

1.33440 

1.33*55 

1.33*31 

1.33404 

1.33346 

1.333** 

12.0 

1.33404 

1.3352* 

1.3354* 

1.33520 

1.33444 

1.33444 

1.33**3 

1.33414 

1.33345 

1.33373 

1.33352 

1».0 

1.333*1 

1.335*1 

1.33533 

t .33506 

1.33440 

1.3’>5* 

1.33*24 

1.33*0* 

1.333*1 

1.33359 

1.33337 

10.0 

1.33525 

1.33944 

1.33514 

1.39440 

1.33444 

1.33434 

1.33*13 

1.333** 

1.333*5 

1.33342 

1.33321 

14.0 

1.3333* 

1.3352* 

1.33500 

1.33*23 

1.334*7 

1.33*20 

1.33345 

1.33371 

1.3  3 344 

1.33325 

1.33303 

20.0 

1.33534 

1.33910 

1.334*2 

1.33*55 

1.33424 

1.33*02 

1.33377 

1.33352 

1.33324 

1*33307 

1.332*5 

22.0 

1.33520 

1.33440 

1.33442 

1.33495 

1.33404 

1.333*2 

1.33357 

1 33333 

1.33310 

1.332*7 

1.33244 

24.0 

1.33*4* 

1.33*20 

1.33*42 

1.334)4 

1*33344 

1.3.33*2 

1.33337 

1.33313 

1.332*4 

1.33267 

1.39244 

24.0 

1.33*2* 

1.33444 

1.93420 

1.333*3 

1.33344 

1.33340 

1.33315 

1.39291 

1.33244 

1.33246 

1.3322* 

24.0 

1.33495 

1.33*2* 

1.333*2 

1.33370 

1.333*3 

1.33317 

1.33242 

.1.332** 

1.332*5 

1.39223 

1.33202 

30.0 

1.33*31 

1.33*02 

1.33323 

1.39344 

1.33314 

1.332*3 

1.33264 

1 .33/!  -*4 

1.33221 

1.3314V 

1.33174 
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*°c 

1 400.0 

410.0 

420.0 

430.0 

440.0 

450.0 

460.0 

470.0 

400.0 

460.0 

1 

0.0 

1.34032 

1.34740 

1.34653 

1.34572 

1.34499 

1.34430 

1.34364 

1.34303 

1.34246 

1.34163 

2.0 

1.34024 

1.3404 

1.34647 

1.3*527 

1.34494 

1.34425 

1.34359 

1.34290 

1.34241 

1.34100 

4.0 

1.34028 

1.34727 

1.34640 

1.34560 

1.34406 

1.34410 

1.3*352 

1.34291 

1.34234 

1.34101 

6.0 

1 • 34004 

1.34718 

1.34631 

1.34550 

1.34477 

1.34409 

1.34343 

1*34202 

1.34225 

1.34172 

0.0 

1.34790 

1.34707 

l.  34620 

1.34540 

1.344  67 

1.34398 

1.34333 

1.34272 

1.34215 

1.3*181 

10.0 

1.34787 

1. 34695 

1.34600 

1.34520 

1.34455 

1.34306 

1.34321 

1.34260 

1.34203 

1.34146 

12.0 

1.34773 

1.34601 

1.34595 

1.34514 

1.34441 

i. 34371 

1.34306 

1.34245 

1.3*189 

1.3*135 

K.O 

1.34758 

1.34466 

1.3*579 

1.34499 

1*34425 

1.34356 

1.34291 

1.34230 

1.34173 

1.34120 

16.0 

1.34741 

1.34*49 

1.34563 

1.34402 

1.34400 

1.34335 

1.3*273 

1.34213 

1.34157 

1.34104 

U.O 

1.34723 

1.34632 

1.34545 

1.34465 

1.34391 

1.3*321 

1.34256 

1.34195 

1.34139 

1.1*088 

20.0 

1.34704 

1.34612 

1.34526 

1.34446 

1.343 12 

1.34302 

1.34237 

1.34176 

1.3*120 

1.34066 

22.0 

1.34483 

1.34592 

1.34505 

1.34425 

1.34351 

1.34282 

1.34217 

1.34156 

1.34099 

1.34046 

24.0 

1.34461 

1.34570 

1.34404 

1.34403 

1.34330 

1.3*281 

1.34195 

1.5*15* 

1.34070 

1.3*025 

26.0 

1.34638 

1.34547 

1.34460 

1.34300 

1.34307 

1.34238 

1.3*173 

t. 5*112 

1.34055 

1.34002 

29*0 

1.34414 

1.34523 

1.34436 

1*34356 

1.34203 

1.34214 

1.34149 

1.34009 

1.34031 

1.33676 

30.0 

1.34584 

1.34490 

1.34411 

1.34331 

1.34250 

1.3*189 

1.34124 

1.34064 

1.34007 

1.3195* 

500. 0 

510.0 

520.0 

530.0 

540.0 

550.0 

560.0 

570.0 

500.0 

560.0 

0.0 

1.54142 

l.  3609* 

1. 3*0*8 

1.34006 

1.31985 

1.33926 

1.33889 

1.55855 

1.13819 

1.33788 

2.0 

1.34137 

1.34009 

1.  3*0*3 

1.3*000 

1.33959 

1.33921 

1.3388* 

1.558*8 

1.33015 

1.33782 

4.0 

1. 34130 

1.3*092 

1.34036 

1.33993 

1.33952 

1.3391* 

1.S3S77 

1.338*2 

1.33000 

1.33775 

6.0 

1.34121 

1.3*073 

1.3*027 

1.3398* 

1.339*3 

1.33905 

1.33888 

1.33033 

1.33000 

1.33787 

1.0 

1.34110 

1.3*062 

1.34017 

1.3397* 

1.33934 

1.33895 

1.33857 

1.33822 

1.33709 

1.33757 

10.0 

1.34090 

1.3*050 

1.34006 

1.33982 

1.33922 

1.33883 

1.338*5 

1.33009 

1.31777 

1.337** 

t?.0 

1.34004 

1.34036 

1.33991 

1.339*8 

1.33907 

1.338*9 

1.33831 

1.33798 

1.33783 
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1 .33*67 

1.33663 

1.3  34  39 

1.13414 

1.5)554 

14.0 

1.33*33 

1.33*0-' 

1. 3377* 

1.337*7 

1.33720 

1.33694 

1.33*** 

1.33*44 

1.33420 

1.5)507 

1.35574 

20.0 

1*33413 

1.33703 

1.3375* 

t. 33727 

1.33700 

1.33*74 

1.33648 

1.33424 

1.33400 

1.3357* 

1.33554 

22.0 

1.34742 

1.337*2 

1.33733 

1.33704 

1.33679 

1.33653 

1.33626 

1.33403 

1.33579 

1.33554 

1.3)554 

24.0 

1.33770 

1.337*0 

1.33712 

1.33684 

1.33657 

1.33431 

1.33406 

1.33581 

1.33558 

1.35535 

1.5)51) 

24.0 

1.337*7 

1.33717 

1. 33484 

1.33641 

1.33635 

1.3 >408 

1.333*3 

1.33569 

1.33535 

1.33513 

1.354*1 

24.0 

1.3372* 

1.33*9* 

1.23444 

1.33438 

1.33611 

1.33585 

1.33540 

1.33535 

1.33512 

1.35*65 

1.554*0 

>0.0 

1.33700 

1.33*70 

1.33642 

1.33614 

1.33587 

1.33540 

1.33535 

1.33511 

1.334*7 

1.334*5 

1.11441 
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Table  A-4.  (coot) 


PM* 

nmn 

1 

°c 

400.0 

410.0 

420.0 

630.0 

660*0 

450.0 

660*0 

470.0 

600*0 

400.0 

0.0 

i.»m 

1.34444 

1.34*70 

1.34707 

1.34721 

1.34453 

1.345*4 

1.34525 

1.34447 

1.34413 

2.0 

1.1H» 

1.34051 

1.34*71 

1.347*0 

1.34715 

1.34444 

1.34570 

1.3451* 

1.1444* 

1.34404 

4.0 

1.35*40 

1.34040 

1.34*41 

1.347*0 

1.34706 

1.34437 

1.34571 

1.34500 

1.34451 

1.3430* 

4.0 

l.)M>0 

1.36030 

1.34*50 

1.34740 

1.34405 

1.34426 

1.34340 

1*36600 

1.34441 

1.341*7 

a.o 

l.Moia 

1.34024 

1.34*3* 

1.34757 

1.34403 

1.34414 

1.34340 

1.34404 

1.34420 

1.14174 

£0.0 

I.HM9 

1.34012 

1.34*25 

1.34743 

1.14440 

1.34400 

1.34534 

1.34472 

1.34*15 

1.14141 

12.0 

1.34040 

1.14007 

1.34400 

1.3472* 

1.34454 

1.34304 

1.3431* 

l.344f  7 

1.30100 

1.34345 

14.0 

1.34074 

1.34001 

1.34703 

1.34711 

1.34437 

1.34547 

1.34301 

1.344*0 

1.340*3 

1.34320 

n.o 

1.34034 

1.34041 

1134776 

1.34404 

1.14410 

1.34540 

1.34413 

1.34422 

1.34345 

1.34311 

la.o 

1.34037 

1.34*44 

1.34757 

1.34475 

1.344>» 

1.34530 

1.34444 

1.34401 

t. 14344 

1.34202 

20.0 

1.34014 

1.34024 

1.34737 

1.34454 

1*36501 

1.34510 

1.34444 

1.343*3 

1.34326 

1.34272 

22.0 

1.34403 

1.34003 

1.34714 

1.34434 

1*36560 

1.344*0 

1.34423 

1.34361 

1.34305 

1.34251 

24.0 

1.34473 

1.34701 

1.34403 

1.34612 

1.3453* 

1.34447 

1.34401 

1.34130 

1.342*2 

1.14220 

24.0 

1.34440 

1.34757 

1.34440 

1.345*4 

1.34514 

1*36666 

1.3437* 

1.34314 

1.14250 

1.34205 

n.o 

1.34424 

1.36732 

1.34445 

1.34543 

1.34<«0 

1.34420 

1.34334 

1.34202 

1.34235 

1.34141 

>0.0 

1.34700 

1.36706 

1.34410 

X .36537 

1 *36666 

1.34305 

1.34320 

1.3424* 

1.14210 

7.34157 

500.0 

510.  J 

520.0 

530.0 

560*0 

550.0 

340.0 

570*0 

5*0.0 

500*0 

0.0 

1.34342 

1.34313 

1.3424* 

1.34224 

1.341*3 

1.34144 

1.14104  'T734O70 

1.14014 

1.34003 

2.0 

1.34353 

1.34307 

1.34240 

1.34217 

1.34175 

1.34137 

1.34100 

1.34044 

1.34030 

1.33007 

4.0 

1.34344 

1.34201 

1.34251 

1.34207 

1.34144 

1.3412* 

1.34001 

1.34056 

1.34022 

1.3104* 

4.0 

1.34335 

1.34237 

1.34241 

1.34107 

1.34154 

1.34117 

1.340*0 

1.34044 

1.34011 

1.33*7* 

§.0 

1.34323 

1.34274 

1.34220 

1.341*4 

1.34144 

1.34105 

1.34067 

1.34032 

1.33000 

1.33044 

10.0 

1.34300 

1.34240 

1.34215 

1.34172 

1.34131 

1.34001 

1.34053 

‘ .34017 

1.330*5 

1.13052 

12.0 

1.34204 

1.14245 

1.34100 

1.34154 

1.34115 

1.34074 

1.3403* 

1.34002 

1.33070 

1.31034 

16.0 

1.34277 

1.3422* 

1.341*2 

1.34130 

1.3400* 

1.34050 

1.34022 

1.330*4 

1.33051 

1.33010 

14.0 

1.34250 

1.34210 

1.34144 

1.34120 

1.34070 

1.34042 

1.14005 

1.33040 

1.33034 

1.33001 

10*0 

1.34240 

1.34101 

1.34145 

1.34102 

1.34061 

1.34023 

1.330*6 

1.33050 

1.33014 

1 .33**2 

20.0 

1.34220 

1.34171 

1.34124 

1.340*2 

1.34*042 

1.34003 

1.33044 

1.33039 

1.33*04 

1.33*43 

22.0 

1.34100 

1.34151 

1.34105 

1.34042 

1.34021 

1.310*2 

1.33044 

1.3300* 

1.31*75 

1.31*42 

24*0 

1.34177 

1.34120 

1.340*4 

1.36060 

1*33000 

1.33040 

1.11022 

1.33M6 

1.31*53 

1.33*20 

75.0 

1.34135 

1.34107 

1.34041 

1.34017 

1*33076 

1.33037 

1.33000 

1.33*44 

1.33*30 

1.33707 

20.0 

1.34131 

1.36063 

1.36037 

1.33004 

1*33052 

1.33014 

1.33*76 

1*33060 

1.33*07 

1.33774 

90*0 

1.34104 

1.36050 

1.34012 

1.33060 

1*33020 

1.33*00 

1.13*55 

1*33017 

1.337*2 

1.33750 

600.0 

610.0 

620.0 

630.0 

669*0 

650*0 

660*0 

670*0 

600*0 

600*0 

700*0 

0*0 

1.33072 

1.33042 

1.33013 

1.33106 

1.33050 

1.33*33 

1*53007 

1.337*2 

1.3375* 

1.33715 

1.33713 

2.0 

1.33045 

1.33035 

1.33006 

1.33*70 

1.33*52 

1.13(26 

1.33*00 

1.33774 

1.33752 

1.31720 

1.33707 

4*0 

1.35056 

1.33026 

1.33000 

1.33*70 

1.33*43 

1.31(17 

1.33702 

1.33747 

1.13744 

1.33721 

1.33400 

4.0 

1.33047 

1.33014 

1.33*00 

1.33*40 

1.33*33 

1*33006 

1.337*1 

1.31757 

1.33733 

1.33711 

1.134*0 

0.0 

1*33035 

1.31005 

1.33*74 

1.33*40 

1*33021 

1.31744 

1.13740 

1.33744 

1.33721 

t.  33400 

1.33477 

10.0 

1.33021 

1.33001 

1.33442 

1.33036 

1.33*07 

1*33700 

1.33755 

1.13731 

1.33707 

1.334*5 

1.13443 

12.0 

1.33005 

1.33476 

1.33067 

1.33*10 

1.33702 

1.33745 

1.33740 

1.33716 

1.33402 

1.11470 

1.3344* 

1 4*0 

i.33aaa 

1.3303* 

1.33*20 

1.33*02 

1.33775 

1*33760 

1.33724 

1.33400 

1.33476 

1.33453 

1.31431 

14.0 

1*33670 

1.33*40 

1.33112 

1.33706 

1.33  757 

1.33731 

1.31704 

1.134*1 

1.31657 

1.33434 

1.13412 

»6*0 

1.33151 

2.33021 

1.33703 

1.33745 

1*33730 

1.33712 

1.334*7 

1.33442 

1.1343* 

1.31415 

1.33502 

20.0 

1.33131 

1.33*01 

1 • 33773 

1.33745 

1.3371* 

1.33402 

1.33444 

1.11442 

1.1341* 

1.33504 

1.33572 

22.0 

1.33110 

1.33700 

1.33751 

1.33724 

1*33607 

1*33671 

1.33445 

1.33421 

1.33507 

1.33574 

1.13551 

24.0 

1.33711 

1.3375* 

1.33730 

1.33702 

1.33475 

1*33660 

1.33424 

1.33500 

1.33575 

1.13552 

1.33531 

24.0 

1.33745 

1.337J5 

1.33707 

1*33670 

1.33452 

1*33626 

1.33431 

1.33577 

1.33553 

1.13511 

1.33500 

2B.0 

1.33742 

1.33712 

1.336*3 

1.33454 

1.33620 

l. 33403 

1.11577 

1.33553 

1.33520 

1.33507 

1.3'*.S5 

30.0 

1.317U 

1.33600 

1.33440 

1.33632 

1*33605 

1*33570 

1.33553 

1.3352* 

1.33505 

1.334*2 

1..1344. 
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Table  A -4.  (cont) 


* = »%. 


temp 

, fALllTTI 

°c 

*400.0 

410.0 

420.0 

430.0 

440.0 

450.0 

460.0 

470.0 

480.0 

490.0 

1 

o.o 

1.36079 

1.34987 

1.34899 

1.36818 

1.34743 

t.3467j 

1.34607 

1.34545 

1.34407 

1.34433 

2.0 

1.35071 

1.34978 

1.34691 

1.34809 

t. 3473  5 

1.34666 

1.34600 

1.34538 

1.34480 

1.34426 

4.0 

1.35061 

1.34969 

1.34881 

1.34800 

1.34726 

1.34656 

1 .34590 

1 <34529 

1.34471 

1.34417 

6.0 

1.35050 

1.34958 

1.34670 

1.34789 

1. 34715 

1.54645 

1*34590 

1.34518 

1.34460 

1.34404 

0.0 

1 .35036 

1.34945 

1*34858 

1.34777 

1.34703 

1.34633 

1.34567 

1.34506 

1.34440 

1.34394 

10. n 

1.35025 

1.34932 

1.34844 

1.34763 

1.34689 

1.34619 

1.34553 

1.34492 

1.34434 

1.34300 

12.0 

1.35010 

1.34917 

1.34829 

1.34748 

1.34673 

1.34603 

1.34537 

1.34476 

1.34418 

1.34364 

14.0 

1.34993 

1.34900 

1.34813 

1.34731 

1.34656 

1.34586 

1.34520 

1.34459 

1.34402 

1.34  340 

16.0 

1.34975 

1.34883 

1.34795 

1.34713 

1.34638 

1.34568 

1.34502 

1.34440 

l .34384 

1.34330 

18.0 

1.34956 

1.34864 

1.34776 

1.34*93 

l.54l>20 

1.34549 

1.34483 

1.34421 

1.34565 

1.34311 

20*0 

1.3493ft 

1.34*44 

1.34756 

1.34675 

1.34600 

1.34529 

1.3446., 

1 .54401 

1.34)45 

1.54291 

22.0 

1.34914 

1.34822 

1.34716 

1.34*53 

1.34579 

1.34508 

1.34442 

1.54380 

1.3432) 

1.34270 

24.0 

1 .34U92 

1.34800 

1.34712 

1.34631 

1.3454* 

1.34486 

1.34420 

1.36)58 

1.34301 

1.342-7 

26. n 

1.34869 

i. 34776 

1.34686 

1.34607 

1.34533 

1.34463 

1.34397 

U 34335 

1.34277 

1.34224 

?*.0 

1.34844 

1.3476! 

1.34663 

1.34587 

1.34508 

1.34439 

1.34373 

1.34311 

1.34253 

1*34200 

30.0 

1.34618 

1.3472.6 

1.34637 

1.34556 

1.3444  2 

1.34413 

1.34348 

1.  >4286 

1.34228 

1.3-175 

500.0 

510.0 

520.0 

530.0 

540.  C 

580. 0 

560.0 

5/0.0 

560.0 

590.0 

0.0 

1.34382 

1.34  333 

1.34288 

1.34246 

1.34203 

1.3416- 

i.34126 

1.34090 

1.34056 

1.34023 

2.0 

1.34376 

1.34326 

1.34280 

1.34236 

1.34195 

1.3-157 

1.34120 

1.34084 

1.34049 

1.34016 

4.0 

1.34366 

1.34*17 

1.34271 

1.34227 

1.34188 

1.34148 

1.34111 

1.34076 

1.34041 

1.34006 

b.tl 

1.343-5 

1.34306 

1.34260 

1.54216 

1.34175 

1 . 34 1 37 

1.34099 

1.34064 

1.34030 

1.33997 

».o 

1.34342 

1.34294 

1.34748 

1.34205 

1.5416- 

1.34124 

1.34086 

1.34051 

1.34018 

1.33905 

10.0 

l.V-328 

1.34279 

1.34236 

1.34191 

1.34150 

1.44110 

1.3-072 

1.3403b 

1.3400- 

1.3)971 

12.0 

1.34313 

1.34264 

1.34218 

1.34175 

1.34134 

1.34395 

1.34057 

1.34021 

1.3  3980 

1.33955 

14.0 

1.34296 

1.54247 

1.34701 

1.34157 

1.34116 

1.3407o 

1.340-1 

1.36005 

1.53971 

1.33930 

16.0 

1.34278 

1.-54229 

1.56163 

1.34139 

1.34098 

1.34060 

1.34023 

1.53987 

1.33953 

1.33920 

18.0 

1.5-269 

1.34210 

1.341*4 

1.34120 

1.340-0 

1.J4041 

1.3-004 

1.53966 

1.339*4 

1.33901 

>0.0 

1.34239 

1.36190 

1.3414.4 

1.34101 

1.340-0 

1.34022 

1.33964 

1 .33*  46 

1.3  3M* 

1.33861 

22.0 

1.34218 

1.34169 

1.34124 

1.34030 

1. 34039 

1.3-001 

x.33963 

1.33926 

1.33693 

1.33860 

>4.0 

1.34l®6 

1.34166 

1 .34102 

1.34058 

1.34017 

1.33476 

1.33941 

1.33905 

1.3387! 

1.33838 

26.0 

1.34173 

1.34125 

1.34079 

1.34036 

1.33994 

1.53955 

1.33918 

1.33082 

1.33848 

1.33819 

2*.0 

1.34149 

1.34101 

1 .340-5 

1.34017 

1.33471 

1.33432 

1.33894 

1.33858 

1.33825 

1.33791 

30.0 

1.34124 

1.340  76 

U*tO*0 

1.35987 

1.33946 

1.33906 

1.33871 

1.5)655 

1.33801 

1.33768 

600.0 

6 10.0 

420.0 

630.0 

640.0 

650.0 

660.0 

670.0 

460.0 

490.0 

JOO.O 

0.0 

1.33991 

1 • 3396 1 

1.33933 

1.33905 

1.33879 

1.33852 

1.33827 

1.33802 

1.33778 

1.33755 

1.33732 

2.0 

1.33985 

1.33955 

1.33926 

1.33898 

1.33872 

1.33845 

1.33820 

1.33795 

1.3)771 

1.33748 

1.33726 

4.0 

1.3397o 

1.33947 

1.33918 

1.33890 

1.33863 

1.33836 

1.33811 

1.33786 

1.3376) 

1.33740 

1.33718 

6.0 

1.33965 

1.33935 

1.33907 

1.33879 

1.3  3 852 

1.33925 

1.33800 

1.33776 

1.3)752 

1.33730 

1.33708 

9.0 

1.33964 

1.33924 

1.33695 

1.33867 

1.33840 

1.33813 

1.33788 

1.33763 

1.3  3740 

1.33717 

1.33696 

10.0 

1.33940 

1.339  10 

1.33881 

1.33853 

1.33  826 

1.33799 

1.33774 

1.3)749 

1.33726 

1.33704 

1.33602 

12.0 

1.33924 

1.33894 

1.33665 

1.33837 

1*33810 

1.33784 

1.33759 

1.33734 

1.33711 

1.33688 

1.53667 

14.0 

1.33906 

1.33876 

1.33846 

1.33820 

1.3379. 

1.33767 

1.33742 

1.33/18 

1.3)694 

1.3367? 

1.33650 

16.0 

1.33886 

1.33656 

1.33830 

1*33802 

1.33776 

1.33749 

1.33724 

1.33699 

l .33675 

1.33652 

1.33630 

19.0 

1.33869 

1.336  39 

1.33811 

1.33783 

1.33757 

1.53750 

1.33705 

1.33680 

1.33656 

1.33633 

1.33610 

20.0 

1.33649 

1.33619 

1.33790 

1.33763 

1.33736 

1.33710 

1.33684 

1*33660 

l.)3o36 

1.3361? 

1.33590 

22.0 

1.33826 

1.33796 

1.33770 

1.33742 

1.33715 

1.33689 

1.33665 

1.33650 

1.3*616 

1.33592 

1.3)569 

24.0 

1.33906 

1.33776 

1.33767 

1.33770 

1.33643 

1.33667 

1.33642 

1 .3)617 

1.3)593 

1.3)570 

1.3)54$ 

26.0 

1.33763 

1.33753 

1.33725 

1.33697 

1.33670 

1.33644 

1.33619 

1.3)595 

1.3)571 

1.31 >49 

1 .33927 

28.0 

1.33760 

1.33730 

1.33701 

1.33674 

1.33647 

1.33621 

1.33595 

1.33571 

l.3  3>4  7 

1.33525 

1.3350) 

30.0 

1.33736 

1.33706 

1.33677 

1.33650 

1.33622 

1.33596 

1.33571 

1.335-6 

1.3)5?* 

1.33500 

1.33478 

Table  A -4.  (cc-M) 


460.0 

470*0 

480.0 

*60.0 

1.3*627 

1*34545 

1.34507 

1. 3**53 

1.3*620 

1*34554 

1*34500 

1.3**«6 

1.3*610 

1*34548 

1.3449! 

l. 3**37 

1.3* S3* 

1*34538 

1.34480 

l. 3**26 

1.3*567 

1.34525 

1.34467 

1. 3**13 

1.3*573 

1*34511 

1.34453 

1.3*360 

1.3*556 

1*34495 

1.34438 

1.3*36* 

1.3*534 

1.34478 

1.34421 

1.3*367 

1.3*521 

1*34454 

1.3440? 

1.3* 3*9 

1.3*502 

1.34440 

1.34384 

1.3*330 

1.3**M2 

1.34420 

1.3436: 

1.3*309 

1.3**61 

1.34399 

1.34342 

1.3*266 

1. 3**34 

1.34377 

1.34319 

'.3*266 

1.3**15 

1.34353 

1.34296 

1. 3*2*3 

1.3*341 

1.34329 

1.34272 

1.3*21* 

1.3*366 

1 *34305 

1.34247 

1.3*153 

560.0 

570.0 

580.0 

*90. I> 

1. 3*1*7 

1*34110 

1.34075 

1.3*  0*3 

1.3*134 

1.34103 

1.34069 

1.3*036 

1.3*130 

1.34095 

1.34060 

1.3*027 

1.3*116 

1.34083 

1.34050 

1.3*016 

1.3*105 

1.34070 

1.3-.037 

1.3-00* 

1.3*041 

1.34055 

1.34023 

1.33*90 

1.3*076 

1.34040 

1.34007 

1.3397* 

1.3*054 

1.34023 

1.33990 

1.33957 

1. 3*0*2 

1.34006 

1.33971 

1.33936 

1.3*022 

1.33986 

1.33952 

1.33919 

1.3*002 

1.339o6 

1.33937 

1.33699 

1.334*1 

1.33945 

1.33911 

1.33676 

1.33454 

1.33923 

1.33889 

1.33656 

1.33437 

1 .33901 

1.33860 

1.33033 

1.33413 

1.33877 

1.33843 

1.33610 

1.33666 

1.33853 

1.33819 

1.33763 

660.0 

670*0 

6*0.0 

690.0 

700.0 

1.331*6 

1*33871 

1.517*7 

1.3377* 

1.33752 

1.33639 

i.;38i4 

1.31791 

1.33768 

1.317*6 

1.33630 

1*33805 

1.337*2 

1.33759 

1.33737 

1.33617 

1.33795 

1.3  3771 

1.137** 

1.33727 

1.33607 

1.33782 

1.3375* 

1.33736 

1.31715 

1.33793 

1 *33768 

1.3  37*5 

1.35722 

1.33701 

1.33777 

1.33753 

1.3372* 

1.33707 

1.336*5 

1.33760 

1*33736 

1.33712 

1.336*0 

1.3366* 

1.337*2 

1.33718 

1.33*** 

1.33*71 

1.336*9 

1.33723 

1*33698 

1.3  367* 

1.316*1 

1.3362* 

1.33703 

1*33678 

1.33*5* 

1.33*10 

1.3360* 

1.33661 

1*33657 

1.3  363  3 

1.3360* 

1.315*7 

1.33660 

1*33635 

1.33611 

1.31566 

1.13566 

1.33637 

I.i36l2 

1.335*9 

1.33566 

1.335*5 

1.33613 

1*33589 

1.33565 

1.335*3 

1.33521 

1.33569 

1*33564 

1.335*1 

1.33518 

1.33*96 

fr 


I 
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Table  A -4.  (cont) 


(k) 


:-t  ---  ^ggfa 

' > 


* = *%. 


IMT 

( 

1 

°t 

400.0 

410.0 

420.0 

430.0 

440.0 

430.0 

440.0 

470*0 

4*0.0 

490.0 

0.0 

1.35121 

1.35020 

1.34340 

1.34050 

1.34704 

1.34713 

1.34447 

1.345*5 

1.34527 

1.34473 

2.0 

1.35111 

1.35013 

1.34332 

1.34050 

1.34774 

1.34704 

1.34433 

1.34577 

1.34520 

1.34464 

4.0 

. .35101 

1.35003 

1.34321 

1.34040 

1.34744 

1.34434 

1.34430 

1.3454* 

1.34511 

1.34457 

0.0 

1.35050 

1.34330 

1.34310 

1.34029 

1.34755 

1.34405 

1.34419 

1.34557 

5.34444 

1.34445 

0.0 

1.35077 

1.34305 

1.34050 

1.34014 

1.34742 

1.34472 

1.34406 

1 .34545 

1.34467 

1.34433 

10.0 

1.35044 

1.34372 

1.34004 

1.34002 

1.34720 

1.34450 

1.34592 

1.34530 

1.34473 

1.3441* 

12.0 

1.35043 

1.34354 

1.34040 

1.34704 

1.34712 

1.34442 

1.34576 

1.34514 

1.34457 

1.34403 

14.0 

1.35032 

1.34333 

1.34051 

1.34770 

1.34635 

1.34424 

1.34550 

1.34447 

1.34440 

1.343*6 

14.0 

1.35014 

1.34521 

1.34033 

1.34752 

1.34477 

1.34404 

1.345*0 

1.3447* 

1.34422 

1.3436* 

10.0 

1.34555 

1.34302 

1.34015 

1.34733 

1.3*650 

1.34507 

1.34521 

1.34454 

1.34403 

1.34349 

20.0 

1.34374 

1.34002 

1.34735 

1.34713 

1.34430 

1.34567 

1.34501 

1.34434 

1.343*2 

1.3432* 

22.0 

1.34353 

1.34041 

1.34773 

1.34441 

1.34617 

1.34544 

1.34*79 

1.34416 

1.34341 

1.34307 

24.0 

1.34330 

1.34030 

1.34750 

1.34449 

1.34594 

1.34324 

1.34457 

1.34345 

1.3433* 

1.342*4 

24.0 

1.34307 

1.340U 

1.34724 

1.34445 

1.34570 

1.34500 

1. 34*34 

1.3437* 

1*34314 

1.34261 

20.0 

1.34052 

*..34703 

1.34701 

1.34420 

1.34544 

1.34476 

1.34410 

1.3434* 

1.34241 

1.34237 

30.0 

1.34054 

1.34743 

1.344/5 

1.34594 

1.34520 

1.34431 

1.3  4 305 

1.34323 

1.34265 

1.34212 

500.0 

510.0 

520.0 

530.0 

540.0 

350.0 

560.0 

570.0 

580.0 

0.0 

1.34422 

1.34373 

1.34320 

1.34204 

1.34243 

1.34204 

1.34166 

1.34124 

1.34095 

1.34062 

2.0 

1 .34*14 

1.34344 

1.34320 

1.34274 

1.34234 

1.34134 

1.34159 

1.34123 

1.340*9 

1.34055 

4.0 

1.34405 

1.34357 

1.34310 

1.34264 

1.34224 

1.34106 

1.34150 

1.34114 

1.34074 

1.34047 

4.0 

1.34334 

1.34345 

1.34293 

1.34255 

1.3421* 

1.34175 

1.34130 

1.34102 

1.34069 

1.34036 

0.0 

1.34301 

1.34332 

1.34204 

1.34243 

1.3*202 

1.34163 

1.34125 

1.340*4 

1.34056 

1.34023 

10.0 

1.34344 

1.34317 

1.34272 

1.34229 

1.34100 

1.341*3 

1.34110 

1.34074 

1.34042 

1.34009 

12.0 

1.34351 

1.34302 

1.34254 

1.34213 

1.3*172 

1.34132 

1.3*09* 

1.3405* 

1.34026 

1.33493 

14.0 

1.34334 

1.34205 

1.342  33 

1.34195 

1.3*15* 

1.34115 

1.3*070 

1.34042 

1.34009 

1.33975 

14.0 

1.34314 

1.34247 

1.34220 

1.34174 

1.3*135 

1.3*097 

1.34060 

1.340/4 

1.33990 

1.33457 

10.0 

1.34234 

1.34247 

1.34201 

1.34150 

1.34117 

1.34070 

1.34041 

1.34005 

1.33971 

1.33937 

20.0 

1.34274 

1.34227 

1.34101 

1.34130 

1.34097 

1. 34050 

1.34021 

1.334*4 

1.33951 

1.33417 

22.0 

1.34255 

1.34204 

1.34140 

1.34117 

1.34074 

1.34037 

1.33999 

1.33463 

1.33929 

1.33696 

24.0 

1.34233 

1.34105 

1.34133 

1.34095 

1.34054 

1.34015 

1.33977 

1.33441 

1.33407 

1.33674 

24.0 

1.34210 

1.34142 

1.34114 

1.34072 

1.3*031 

1.33392 

1.3335* 

1.3341* 

1.338*4 

1.33*51 

20.0 

1.34104 

1.34130 

1.34032 

1.34040 

1.34007 

1.33960 

1.33931 

1.33*45 

1.33*61 

1.33*2* 

>0.0 

1.34141 

1.34112 

1.3">47 

1.34023 

1.33302 

1.333*4 

1.33907 

1.33*71 

1.33637 

1.33*04 

400.0 

41C.0 

420.0 

430.0 

640.0 

450.0 

640.0 

670.0 

660.0 

690*0 

700.0 

0.0 

1.34030 

1.34000 

1.33372 

1.33345 

1.33910 

1.33031 

1.330*4 

1.33*41 

1.33617 

1.33744 

1.33771 

2.0 

1.34023 

1.33333 

1.33345 

1.33937 

1.33910 

1.33004 

1.33050 

1.33*34 

1.33*10 

1*337*7 

1.33765 

4.0 

1.34C15 

1.33305 

1.33954 

1.33920 

1.33901 

1.33075 

1.33049 

1.33*25 

1.33*C» 

1.3377* 

1.33757 

4.0 

1.34004 

1.33374 

1.33945 

1.33917 

1.33090 

1.33044 

1.33030 

1.33*14 

1.33740 

1.3376* 

1*33746 

0.0 

1.3333? 

1.33342 

1.33933 

1.33905 

1.33077 

1.33051 

1.33025 

1.33*01 

1.33778 

1*33755 

1*33733 

10.0 

1.33370 

1.33340 

1.33919 

1.33091 

1.33043 

1.33037 

1.33011 

1.337*7 

1.33763 

1*33741 

1*33719 

12.0 

1.33342 

1.33332 

1.33903 

1.33075 

1.33040 

1.33021 

1.337*6 

1.33771 

1.3374* 

1*33725 

1*33704 

14.0 

1.33344 

1.33314 

1.33005 

1.33057 

1.3’t3l 

1.33004 

1.33779 

1.33754 

1.33731 

1*3370* 

1**36 *6 

14.0 

1.33323 

1.33035 

1.33044 

1.33039 

1.33012 

1.33706 

1.33760 

1.33734 

1.33712 

1.336*9 

1*33667 

10.0 

1.33304 

1.33074 

1.33047 

1.33020 

1.33733 

1.33747 

1.337*1 

1.33716 

1.33642 

1*33669 

1*33646 

20.0 

1.33004 

1.33054 

1.33027 

1.33000 

1.33773 

1.33746 

1.33721 

1.33644 

1.33672 

1.3364* 

1*33626 

22.0 

1.33004 

1.33034 

1.33004 

1.33770 

1.33751 

1.33725 

1.33693 

1.33475 

1.33451 

1*33627 

1.33605 

24.0 

1.33042 

1.33012 

1.33703 

1.33754 

1.33729 

1.33703 

1.33477 

1.33653 

1.33629 

l *33606 

1 ,««•*. 

24.0 

1.33013 

1.33/03 

1.33741 

1.33733 

1.3  3 70  6 

1.33690 

1.33655 

1.33630 

1.33607 

1*335*4 

1*33362 

20.0 

1.33734 

1.33744 

1.33737 

1.33710 

1.33403 

1.33656 

1.33631 

1.33406 

1.335*3 

1*33560 

1*33334 

30.0 

1.33772 

1.33742 

1.33713 

1.33405 

1.33650 

1.33632 

1.33606 

1.335*2 

1.33556 

1.33535 

1.33514 

A*33 
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Tabla  A*4.  (cunt) 


E 


i 


I 


i 


I 


3 

| 

5- 

0 

» 

ij 

4 

0) 

8 = 38%. 

\ I 

TKMF 

°C 

■*vvr  rtrmi  /M\ 

1 

400.0 

<•10.0 

420.0 

430.0 

440.0 

.... 

450*0 

4*0.0 

470.0 

480*0 

9*0.0 

1 

% 

0*0 

1.35191 

l. 35049 

1.34961 

1.34879 

1.34804 

1.34734 

1.34*67 

1.34*05 

1*34648 

1.39999 

1 -d 

2.0 

1.3513? 

1.35040 

1.34952 

1.34870 

1.34796 

1.3472* 

1.34*5* 

1.345*7 

1*34640 

1.3998* 

3 

4.0 

1.35121 

1.35029 

1.34941 

1.34860 

1.34786 

1.3471* 

1.34*50 

1.345*8 

1*34630 

1.3997* 

4.0 

1.35110 

i. 3501 8 

1.34930 

1.34849 

1.34775 

t. 34705 

1.34*3* 

1.34577 

1*34619 

1.399*5 

1 $ 

t.o 

1.3505* 

1.35005 

1.34917 

1.34836 

1.34762 

1.346*2 

1.34*2* 

1.345*4 

1*34606 

1.39952 

ti 

10.0 

1.350*4 

1.34991 

1.34903 

1.34822 

1.34747 

l.>*7* 

1.34*1? 

1.34550 

1*34492 

1.39937 

! 

12.0 

1.350*5 

1.34976 

1.34888 

1.34806 

1.34731 

1.346*1 

1.345*5 

1.34533 

1*34476 

1.39922 

‘ 1 

14.0 

1.35052 

1.34954 

1.34871 

1.34789 

l .34 / 14 

1.34*44 

1.34577 

1.3451* 

1*34469 

1.39905 

14.0 

1.35034 

1.34941 

1.34853 

1.34771 

1.34696 

1.34*25 

1.3455* 

1.344*7 

1*34961 

1.39387 

It.O 

1.35014 

1.34922 

1.34834 

1.34752 

1.34677 

1.34*0* 

1.3453* 

1 .34478 

1*34621 

1.393*7 

i 

20.0 

1.34554 

1.34902 

1.34814 

1.34732 

1.34657 

1.345(6 

1.3451* 

1.34458 

1*34401 

1.39397 

22.0 

1.34572 

1.34S80 

1.34792 

1.34711 

1.34636 

1.345*5 

1.3**** 

1.3443* 

1.34379 

1.39325 

i *1 

24.0 

1.34550 

1.34857 

1.34769 

1.34680 

1.34613 

t. 34542 

1.3447* 

1.34414 

1.34367 

1.39303 

24.0 

1.3452* 

1.34833 

1.34745 

1.34664 

1.34689 

1.34514 

1.34453 

1.34391 

1.34333 

1.392(0 

2i.O 

1.34501 

1.34808 

1.34720 

1.34  639 

1.34564 

1.344*5 

1.3442* 

1.343*7 

1*34309 

1.39255 

1 ^ 

90.0 

1.34*75 

1.34782 

1.34694 

1.34613 

1.34539 

1.344k* 

1.34*04 

1.34342 

1*34284 

1.39230 

* 4 
! | 

500.0 

510.0 

520.0 

530.0 

540.0 

550.0 

5*0.0 

570.0 

680*0 

5*0.0 

0.0 

1.34442 

1.34393 

1.34347 

1.34304 

1.34263 

1.34224 

1.341** 

1.341*9 

1*34116 

1.390*2 

| a 

2.0 

1.34434 

1.34386 

1.34339 

1.34295 

1.34254 

1.3421* 

1.3*17* 

1.341*3 

1*34108 

1.39075 

! I 

4.0 

1.34425 

1.34376 

1.34330 

1.34285 

1.34243 

1.34206 

1.34170 

1.3*13* 

1*34099 

1.390** 

4.0 

1.34413 

1.34365 

1.34316 

1-34274 

1.34233 

1.341*4 

1.34157 

1.3*122 

1*34088 

1.39055 

! 

t.o 

1.34400 

1.34351 

1.34306 

1.34262 

1.34221 

1.341*2 

1.34144 

1.3*108 

1*34076 

1.3909? 

* tj 

10.0 

1.343*5 

1.34337 

1.34291 

1.34248 

1.34207 

1.341*7 

1.3*12* 

1.3*093 

1*34061 

1.39021 

12.0 

1.34370 

1*34321 

1.34275 

1.34232 

1.34191 

1.3*151 

1.3*113 

1.3*077 

1*34066 

1.39011 

* x -H 

14.0 

1.34353 

1.34304 

1.34257 

1.34214 

1.34173 

1.34134 

1.340*6 

1.3*061 

1.3602* 

1. 33**9 

14.0 

1.34334 

1.34285 

1.34239 

1.34195 

1.34164 

1.3411* 

1.3*07* 

1. 3*0*3 

1.34009 

1.33*75 

18.0 

1.34315 

1.34266 

1.34220 

1.34176 

1.34135 

1.340*7 

1.340*0 

l.3<023 

1*33989 

1.33*5* 

20.0 

1.34255 

1.34246 

1.34200 

1.34157 

1.34U6 

1.3*077 

1 .3403* 

1.3*003 

1*33969 

1.33*36 

! 5 

22.0 

1.34273 

1.34225 

i. 34179 

1.34136 

1.34095 

1.34055 

1.34017 

1.33*81 

1.3  3967 

1.33*19 

? 

24.0 

1.34251 

1.34203 

1.34157 

1.34116 

1.34072 

1.3*033 

l.33**5 

1.33*5* 

1*33926 

1.3SM2 

§ 

26.0 

1.3422* 

1.34180 

1.34134 

1.34091 

1.34049 

1.34010 

1.33*72 

1.33*3* 

1*3  3902 

1.338*9 

2i.O 

1.34204 

1.34156 

1.34110 

1.34066 

1.34025 

1.33*** 

1.33*** 

1.33*13 

1*33879 

1.33*9* 

X 

30.0 

1.34175 

1.34131 

1.34085 

1.34041 

1.34000 

1.33*62 

1.33*25 

1.3318* 

1*33866 

1.33*22 

w* 

400.0 

610.0 

620.0 

630.0 

640.0 

*50.0 

MO.O 

*70.0 

680*0 

6*0.0 

700.0 

't 

1 

0.0 

1.34050 

1.34020 

1.33992 

1.33964 

1.33937 

1.33*11 

1 .33**5 

1.338*0 

1*33836 

1.33*13 

1.337*1 

$ 

2.0 

1.34044 

1.34014 

1.33985 

1.33957 

1.33930 

1.33403 

1.33*7* 

1.33853 

1*33829 

1.33*0* 

1.337*9 

1 

4.0 

1.34035 

1.34005 

1.33976 

1.33948 

1.33920 

1.33*44 

1.33*** 

1.338** 

1*33820 

1.337*8 

1.3377* 

$ 

4.0 

1.34023 

1.33993 

1.33964 

1.33936 

1.33909 

1.331*3 

1.33*57 

1.33833 

1*33809 

1.337*7 

1.337*5 

'i 

• •0 

1.34011 

l«3398t 

1.33952 

1.33924 

1.33696 

1.33(70 

1.33(44 

1.33820 

1*33796 

1.33779 

1.33752 

& 

10.0 

1.33557 

1.33967 

1.33938 

1.33910 

1.33882 

1.33*55 

1.33*30 

1.3310* 

1*33782 

1.337*0 

1.3373* 

$ 

12.0 

1.335*0 

1.33950 

1.33921 

1.33693 

1.33866 

1.33*40 

1.33*14 

1.33790 

1*33766 

1.33799 

1.33722 

14.0 

1.33562 

1.33932 

1.33904 

1.33876 

1.33649 

1.33*23 

1.337*7 

i .33773 

1*33769 

1.33727 

1.33705 

14.0 

1.33543 

1.33913 

1.33885 

1.33857 

1.33831 

1.33*04 

1.3377* 

1.3375* 

1.33730 

1.33707 

1.339*5 

•t 

3 

lt.O 

1.33524 

1.33894 

1.33865 

1.33838 

1.33811 

1.337*5 

1.3375* 

1.33735 

1.33710 

1.33*87 

1.336*9 

20.0 

1.33504 

1.33874 

1.33845 

1.33818 

1.33791 

1.337*5 

1.3373* 

1.3371* 

1*33690 

1.33*6* 

1.33*99 

Tt. 

22.0 

1. 33**3 

1.33853 

1*33824 

1.3379/ 

1.33770 

1.337*3 

1.3371* 

1.33*93 

1*33669 

1.33*95 

1.33*23 

j 

24.0 

1.33*60 

1.33830 

1.33802 

1.33774 

1.33747 

1.33721 

1. 33**5 

1.33*71 

t. 33667 

t. 33*29 

1.33*02 

24.0 

1.33*37 

1.33807 

1.33778 

1.33751 

1.33724 

1. 33**1. 

1.33*72 

1.33*** 

1*3  3626 

1.33*02 

1.33580 

24.0 

1.33*14 

1.33784 

1.33755 

1.33727 

1.33700 

1.33*74 

1.33*4* 

1.33*2* 

1*33601 

1.3357* 

1.33557 

r 

30.0 

1.33750 

1.33760 

1.33731 

1.33703 

1.33676 

1.33V.4 

1.33*2' 

1.335*9 

1.3*676 

1.33553 

1.33532 

"a 

i 


'j 
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Tftblt  A -4.  (cont) 


■ * 


{m) 


m 


S = 38V* 


TKMP 

°C 

^ 400.0 

410.0 

620.0 

1 

430.0 

VAVXLEN 

440*0 

OTH(mi) 

450*0 

460*0 

470.0 

480*0 

490*0 

1 

0.0 

1.35162 

1.35064 

1.34981 

1.34900 

1*34825 

1.34754 

1*34688 

1.34625 

l *34568 

1*34513 

2.0 

1.35152 

1.35060 

1.34972 

1.34(91 

1*34816 

l.3474o 

1*34680 

1.1461? 

1*34560 

1*34506 

4.0 

1.35142 

1.33044 

1.34962 

1.34(80 

1.34806 

1.34736 

1«3>V670 

1 «3460( 

1*34550 

1*34496 

4.0 

1.35130 

1.35034 

1.34450 

1.34(69 

1.34794 

1.34725 

1.34658 

1.34596 

1.34539 

1.344(5 

(.0 

1.3511? 

1.35025 

1.34937 

1.34(56 

1.3478? 

1.34712 

1.34646 

1.345(4 

1*34526 

1.34471 

10.0 

1.35104 

1.35011 

1.34923 

1.34841 

1.3*767 

1.34697 

1.34631 

1.34569 

1.34511 

1.34457 

>2.0 

1.350(4 

1.34445 

1.34907 

1*34825 

J. 34751 

1* 34680 

1.34614 

1*34552 

1.34495 

1*34441 

14.0 

1.35072 

1.34479 

1.34(90 

1.34(08 

3*73  3 

t *34663 

1.34596 

1*34535 

1.34478 

1*36424 

14.0 

1.35053 

1.34460 

1 6 34872 

1.34750 

1.^715 

1.3*644 

1.34578 

1.34516 

1.34459 

1*34405 

lt.O 

1.33034 

1.34941 

1.34853 

1.34771 

1*34696 

1.34625 

1.34558 

1.34497 

1*34440 

1*34386 

20.0 

1.35013 

1.34421 

1.34(33 

1.34751 

1.34676 

1.34605 

1.34538 

1*34476 

1*34420 

1*34365 

22.0 

1.34441 

1.34449 

1.34*11 

1.34730 

1.34655 

1*34584 

1.34517 

1.34455 

1*34398 

1.34344 

24.0 

1.34464 

1.34(76 

1.34789 

1.34707 

1*34632 

1*34541 

1.34495 

1.34433 

1.34375 

1*34321 

24.0 

1.14445 

1.34(52 

1.34764 

1*34682 

1*34608 

1.34538 

1.34471 

1.34409 

1.34352 

1*34298 

2S.0 

1.34420 

1.34827 

1.34739 

1.34657 

1*34583 

1.34513 

1.34447 

1.34385 

1.34327 

1.34274 

30.0 

1.34(44 

1.34401 

1.34713 

1*3*631 

1*34557 

1*34488 

1.34422 

1.34360 

1*34302 

1*34248 

500.0 

510.0 

320.0 

530.0 

540.0 

550.0 

560.0 

570.0 

580.0 

590.0 

0.0 

1.34442 

1.34413 

1.34368 

1.34324 

1.342(3 

1.34244 

1.34203 

1.34169 

1.34135 

1.34101 

2.0 

1.34454 

1.34406 

1.34359 

1.34315 

1.34274 

1.34235 

1.34198 

1.34162 

1.34128 

1.34094 

4.0 

1.34445 

1.34346 

1.34349 

1.34305 

1.34263 

1.34225 

1.341(9 

1.34153 

1.34118 

1.340(5 

6.0 

1.34433 

1.343(4 

1.34338 

1.34294 

1.34252 

1.34213 

1.34176 

1.34140 

1.34107 

1.34074 

• .0 

1.34414 

1.34371 

1.34325 

1.34282 

1.34240 

1.34201 

1.34163 

1.34127 

1.34095 

1.34061 

10.0 

1.34405 

1.34336 

1.34310 

1.34267 

1.34226 

1.341(6 

1.34148 

1.34112 

1.34080 

1.34047 

12.0 

1.343(4 

1.34340 

1.34294 

1.34251 

1.34210 

1.34170 

1.34132 

1.34096 

1 .34063 

1.34030 

14.0 

1.34372 

1.34322 

1.34276 

1.34233 

1.34191 

1.34153 

1.34115 

1.34079 

1.34046 

1.34012 

16.0 

1.34353 

1.34304 

1.34258 

1.34214 

1.34173 

1.34134 

1.34097 

1.34061 

1.34027 

1.3399* 

1«.0 

1.34  334 

1.342(4 

1.34238 

1.34195 

1.34154 

1.34116 

1.34078 

1.34042 

1.34008 

1.33974 

20.0 

1.34313 

1.34264 

1.34218 

1.34175 

1.34134 

1.34095 

1.34057 

1.34021 

1.33987 

1.33954 

22.0 

1.34242 

1.34243 

1.34197 

1.34154 

1.3411 3 

1.34074 

1.34036 

1.33999 

1.33966 

1.33932 

24.0 

1.34270 

1.34222 

1.34176 

1.34132 

1.34091 

1.34052 

1. 340 1 3 

1.33977 

1.33943 

1.3391C 

24.0 

1.3424? 

1.34149 

1.34153 

1.34109 

1.34057 

1.34028 

1.33990 

1.33954 

1.33920 

1.33(87 

21.0 

1.34223 

1.34174 

1.34129 

1.34085 

1.340*, 

1.34005 

1.33967 

1.33931 

1.33897 

1.33664 

30.0 

1*34147 

1.34149 

1.34103 

1.34060 

1.34019 

1*33960 

1.33943 

1.33907 

1.33873 

1*33840 

400.0 

610.0 

620.0 

630*0 

640*9 

650.0 

660.0 

670.0 

660.0 

690*0 

700*0 

0.0 

1.34070 

1.34040 

1.34011 

1*33984 

1.33957 

1.33931 

1.33905 

1.33880 

1.33856 

1*33833 

1*33810 

2.0 

1.34042 

1.34032 

1.34004 

1.33976 

1.33949 

1.33923 

1.3389? 

1.33873 

1.33849 

1*33826 

1*33104 

4.0 

1.34033 

1.34023 

1.33994 

1.33967 

1.33940 

1.33913 

1.33888 

1.33863 

1.33839 

1.33817 

1.33795 

6.0 

1.34042 

1.34012 

1.33983 

1.33953 

1*33928 

1.33902 

1*33876 

t. 33852 

1*33828 

1.33805 

1.33784 

0.0 

1.34030 

1.34000 

1.33971 

1.33943 

1.33915 

1*33689 

1*33863 

1.33839 

1*3  38  1 5 

1.33793 

1.33771 

10. 0 

1.34016 

1.339(6 

1.33957 

1*33928 

1*33901 

1,33(74 

1.33(49 

1.33(24 

1*33801 

1.33778 

1.33757 

12.0 

1*33434 

1.33969 

1.33940 

1*33912 

1*33885 

1.33(58 

1.33(33 

1*33809 

1.337(5 

1.33762 

1.33741 

14.0 

1. 23441 

1.33951 

1.33922 

1.33(94 

1*33867 

1*33841 

1*33816 

1.33791 

1*33768 

1.33745 

1*33723 

14.0 

1*33441 

1.33932 

1.33903 

1.33(76 

1*33849 

1*33823 

1*33797 

1.33772 

1.33748 

1.33725 

1*33703 

18.0 

1.33442 

1.33912 

1.33(83 

1.33(56 

1*33829 

1*33803 

1.33777 

1.33753 

1.33728 

1.33705 

1.334(2 

20.0 

1.33422 

1.33(92 

1*33864 

1*33836 

1*33809 

1.33783 

1*33757 

1.33732 

1*3  3708 

1*33684 

1*33862 

22.0 

1*33401 

1.33(71 

1*33842 

1.33(13 

1*33786 

1*33761 

1*33736 

1.3371  1 

1.33487 

1.33663 

1*33641 

24.0 

1.33(?( 

1.33(4( 

1.33820 

1.33792 

1.33765 

1.33739 

1.33713 

1*33689 

1*336  6 5 

1*33642 

1.33620 

24.0 

1.33(55 

1.33(25 

1.3379* 

1.33769 

1.33742 

1*33716 

1*33690 

1*33646 

1.3364? 

1*33620 

1*33598 

29.0 

1.33(32 

1.33(01 

1.33773 

1.33745 

1.33718 

1*33692 

1.33667 

1*31642 

1*33619 

1*33596 

1.33574 

30.0 

1*33404 

1.3377( 

1.33749 

1.33721 

1.33694 

1*33667 

1*33642 

1*33617 

1.33594 

1.33571 

1.33349 
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Table  A *4.  (cent) 


& . 


II 


I 


I 


1 


'M 


TEMP 

1 400.0 

VAVELEH 

OTH  (M) 

1 

°C 

410.0 

420.0 

430.0 

440.0 

450.0 

4*0.0 

*70.0 

4*0.0 

690.C 

0.0 

1.31113 

1.35090 

1.35002 

1.34920 

1.34045 

1.34774 

1.3470* 

1.34*4* 

1.345** 

1.3453* 

2.0 

1.35173 

1.350(0 

1.34002 

1.34911 

1.34034 

1.347** 

1.34700 

1.34*37 

1.345*0 

1.3*52* 

4.0 

1.351*2 

1.35069 

1.34952 

1.34900 

1.34024 

1.3*75* 

1.34*90 

1.34*2* 

1.34570 

1.3*51* 

f 0 

1.35150 

1.15055 

1.34070 

1.345ft 

1.34014 

1.347*4 

1.34*7* 

1.34*1* 

1.3455* 

1.3*50* 

0.0 

1.35137 

1.35045 

1.34057 

1.34*75 

1.34001 

1.34731 

1.346*5 

1.36*03 

1.34545 

1. 3**91 

10.0 

1.35124 

1.35031 

1.34043 

1. 34**1 

1.34707 

1.34717 

1.34*50 

1.345** 

1.34530 

1.3**7* 

12.0 

1.35100 

1.35015 

1.34027 

1..  34*45 

1.34770 

1.34700 

1.34*34 

1.34572 

1.34514 

1. 3***0 

14.0 

1.35*01 

1.3400* 

1.34010 

1.34*2* 

1.34753 

1. 34**2 

1.34*1* 

1.34554 

1.34*97 

1.3***3 

10.0 

1.35073 

1.340*0 

1.34*02 

1.34110 

1.34734 

1. 34**3 

1.34397 

1.34535 

1.3447* 

1.34*2* 

10.0 

1.35053 

1.340*1 

1.34*73 

1,3*791 

1.34715 

1.34*44 

1.34577 

1.3451* 

1.34*59 

1.34405 

20.0 

1.35033 

1.34040 

1.34*52 

1.14770 

1.34695 

1.34*2* 

1.34557 

1.3*495 

1.3**3* 

1.343*4 

22.0 

1.35011 

1.3491* 

1.34*31 

1.34749 

1.34473 

1.34*02 

1.34536 

1.3*474 

1.3**1* 

1.3*343 

24.0 

1.34000 

1.34*95 

1.34*07 

1.3472* 

1.34651 

1.345*0 

1.34*13 

1.34451 

1.3*39* 

1.34340 

24.0 

1.340*4 

1.34*71 

1.347*3 

1.34702 

1.34427 

1.3455* 

1.34490 

1.3442* 

1.3*370 

1.3*317 

20.0 

1.34030 

1.34*4* 

1.3475* 

1.34*7* 

1.34602 

1.34532 

1.344** 

1.34404 

1.3*3** 

1.3*292 

30.0 

1.3*013 

1.34*20 

1.34732 

1.34*50 

1.34576 

1.34507 

1.' 

1.34379 

1.3*321 

1. 3*2*7 

500.0 

510.0 

520.0 

530.0 

540.0 

550.0 

5*0.0 

570.0 

5*0.0 

590.0 

0.0 

1.34402 

1.34433 

1.343*7 

1.34344 

1.34303 

1.34264 

1.34225 

1.341*9 

1.3*155 

1.3*121 

2.0 

1.34474 

1.’4425 

1.34379 

1.34325 

1.34293 

1.34255 

1.3421* 

1.341*2 

1.3*1*7 

1.3*11* 

4.0 

1.344*4 

1.J4414 

1.343*9 

1 .34324 

1.34202 

1.34245 

1.34209 

1.34173 

1.3*13* 

1.3*105 

6.0 

1.34452 

1.34404 

1.34357 

1.34313 

1.342  #2 

1.34233 

1.3419* 

1.341*0 

1.3*126 

1.3*093 

0.0 

1.34430 

l.l*/390 

1.34344 

1.34301 

1.34260 

1.34220 

1.341*2 

1.3414* 

1.3*11* 

1.3*040 

10.0 

1.34424 

1.34375 

1.34330 

1.3421* 

1.34245 

1.3420* 

1.34167 

1.34131 

1.3*099 

1. 3*0*5 

12.0 

1.3440* 

1.34350 

1.34313 

1.34270 

1.34229 

1.341*9 

1.3*151 

1.34115 

1. 3*0*2 

1.3*049 

14.0 

1.34301 

1.34341 

1.34295 

1.34251 

1.34210 

1.34171 

1.34134 

1.3409* 

1.3*06* 

1.34031 

14.0 

1.34372 

1.34323 

1.3427* 

1.34232 

1.34191 

1.34153 

1.3411* 

1.340*0 

1.3*04* 

1.34012 

U.O 

1.34352 

1.34303 

1.34257 

1.34213 

1.34172 

1.34134 

1.3409* 

1.340*0 

1.3*02* 

1.33993 

20.0 

1.34332 

1.342*3 

1.34237 

1.34193 

1.34153 

1.34114 

1.3*07* 

1.34040 

1.3*00* 

1.33972 

22.0 

1.34311 

1.3*242 

1 34216 

1.34172 

1.34131 

1.34092 

1.34054 

1.3401* 

1.339*4 

1.33950 

24.0 

1.342*0 

1.34240 

i. 34104 

1.34150 

1.34109 

1.34070 

1.34032 

1.3399* 

1.339*2 

1.3392* 

26.0 

l.?'-2*5 

1.34217 

1.34171 

1.34127 

1.34036 

1 34047 

1.34009 

1.33972 

1.33939 

1.33905 

20.0 

1.3*241 

1.34193 

1.34147 

1.34103 

;.340"? 

1.34023 

1.339*5 

1.339*9 

1.33915 

t.33**l 

30.0 

1.3421* 

1.341*7 

1.34122 

1.3407* 

1.340? 7 

1.3399* 

1.339*1 

1.33925 

1.33*91 

1.33*57 

*00.0 

*10.0 

*20.0 

*30.0 

640.0 

*50.0 

6*0.0 

*70.0 

6*0.0 

*90.0 

700.0 

0.0 

1.340*9 

1.34059 

1.34031 

1.34003 

1.3397 1 

1.33950 

1.33924 

1.33900 

1.33*75 

1.33*52 

1.33*30 

2.0 

1.340*3 

1.34052 

1.34  .,24 

1 ,3399* 

1.33949 

1.33942 

1.33917 

1.33*92 

1.33*** 

1.33**5 

1.33*23 

4.0 

1.34073 

1.34043 

1.34014 

1.339** 

1.33959 

1.33932 

1.33907 

1.33M2 

1.33*59 

1.33*3* 

1.33*1* 

4.0 

1.340*2 

1.34031 

1.34002 

1.33974 

1.33947 

1.33921 

1.33*95 

1.33*71 

1.33*47 

1.33*25 

1.33*03 

4.0 

1.34049 

1.34019 

1.33900 

1.339*2 

1.33934 

1.3390* 

1.33M2 

1.33*5* 

1.33*3* 

1.33(12 

1.33790 

lb.O 

1.34035 

1.34004 

1.33075 

1.33947 

1.33920 

1.33(93 

1.33(6* 

1.33*43 

1.33*20 

1.33797 

1.33775 

12.0 

1.3401* 

1.339** 

1.33950 

1.33931 

1.33903 

1.33*77 

1.33(52 

1.33*27 

1.33*0* 

1.337*1 

1.33759 

14.0 

1.33999 

1.339*9 

1.33941 

1.33013 

1.33006 

1.33(40 

1.33134 

1.33*10 

1.337** 

1.337*6 

1.337*2 

14.0 

1.339*0 

1.33950 

1.33921 

1.33(94 

1.33067 

1.33(41 

1.33(15 

1.33791 

1.337*7 

1.337** 

1.33721 

10.0 

1.339*1 

1.33931 

1.33002 

1.33*75 

1.33040 

1.33*21 

1.3379* 

1.33771 

1.337*7 

1.33723 

1.33701 

20.0 

1.33940 

1.33910 

1.33*52 

1.33554 

1.33027 

1.33*01 

1.33775 

1.33750 

1.3372* 

1.33702 

1.336(0 

22.0 

1.33919 

1.33*50 

1.335*0 

1.33*32 

1.33006 

1.33779 

1.33753 

1.33729 

1.73704 

1.336(1 

1.33*5* 

24.0 

1.33*94 

1.3356* 

1.33*3* 

1.33*10 

1.33703 

1.33757 

1.33731 

1.33707 

1.336*3 

1.33*40 

1.33*37 

24.0 

1.33*73 

1.33*43 

1.33*14 

1.337*7 

1.33760 

1.33734 

1.3370* 

1.336*4 

1.336*0 

1.33*3* 

1.33*1* 

20.0 

1.33950 

1.33(20 

1.33791 

1.337*3 

1.33736 

1.33710 

1.33*t* 

1.336*0 

1,3363* 

1.33*1* 

1.33592 

30.0 

1.33*2* 

1.33795 

1.337*7 
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TABLE  A-5  (ajb)  | 

High  Pressures  S = 35*/M  only  $ 

3 

1 

5 

X 

Ibis  table  is  based  on  the  data  of  Stanley  (1971).  A detailed  description  of  their  modification  is  f 

given  in  Subsection  4.3.  The  resulting  table,  shown  in  Table  4-7  in  the  text,  replaces  the  original  data  4 

* 

and  includes  the  following  values  of  the  variables:  • S 


! 


Wavelength:  457.9  . 488.0,  514.5,  632.8  nm 

Pressure:  0,  352,  703.  1055  kg/cm 2(gage) 

Temperature*  0.03.  15.02,  29.98°C 

Note:  The  following  values  of  the  variables  were  excluded 
A = 501 .7  nm  and  p = 1406  kg/cm2  gage 

Tables  A-5(a,b)  represent  the  increment  of  index  with  pressure,  and  are  sequentially  additive  to 
Tables  A-1  through  A-4  giving  the  pressure,  temperature,  and  wavelength  dependence  of  the  index  of  re- 
fraction (with  respect  to  air)  of  Copenhagen  Standard  Seawater  of  35%0  salinity.  They  are  accurate  to 
within  ±6 x 10“*. 

Table  A-5(a):  holds  for  any  wavelength  (it  is  exact  only  for  530  nm,  see  Figure 
4-7  in  Subsection  4.3)  providing  an  additive  index  increment  for 
various  values  of  pressure  and  temperature. 

Taole  A-5(b):  holds  for  any  temperature  and  gives  additive  increments  for 
values  of  wavelength  and  pressure  to  provide  wavelength 
corrections  to  Table  A-5(a). 


To  use  these  tables,  first  read  Tables  A-1,  A-2,  A-3,  or  A-4(f)  for  the  desired  wavelength  and  tem- 
perature (at  atmospheric  pressure)  for  S=  35%,;  then,  add  the  appropriate  factor  given  in  Table  A-5(a), 
and  then  add  the  factor  in  Table  A-5(b). 

The  pressures  have  been  chosen  every  50  kg/cm2  between  0 and  1100  kg/cm2  (gage).  The  temper- 
atures are  every  2°C  between  0 and  30°C.  The  wavelengths  are  equispaced  every  10  nm  between  400 
and  700  nm. 
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Table  A-5. 


inde:  of  refraction  of  seawater 

Index  Increments  due  to  Pressure  — Salinity  = 35*4* 


Tables  (a)  and  (b)  are  not  independent.  They  are  both  additive  to  the  atmospheric 
pressure  index  values. 


(a)  Index  increase  with  pressure  and  temperature,  applicable  at  all  wavelengths. 

All  Vfuvulunfltlis 
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I'KF.NUKKl  (Kf/CM  ) 

- — 1 
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150.0 

200.0 

250.0 
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3 
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450.0 
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0.00154 

0.00230 
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0.00545 
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0*00725 
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0.00223 
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t.O 
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0.00293 
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0.00435 
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0.00370 
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0.00706 
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0.00073 
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0.00244 
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0.00424 

0.00497 

0.0  0 565 
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J.00616 
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0.00414 
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0*00474 
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24.0 
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0.00140 
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0.00277 
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0.00412 
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0.00070 
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0.00207 
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0.00206 

0.00274 
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600.0 

650.0 

700.0 

/50.0 

400.0 
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900.0 

950.0 

1000.0 
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0.01214 
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0.01406 

0.01464 
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0.01454 
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4.0 
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0.01126 
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6.0 
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0.01097 
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0.01243 
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0.01196 

0.01257 

0.01316 

0.01375 
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20.0 

O.CCf  10 

0.00474 

0. 004)7 

0.00499 

0.01061 

0.01122 

0.01182 

i. 01242 

0.01301 

0.01360 
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Index  increase  with  pressure  and  wavelength. 

applicable  at  all  temperatures. 

All  Temperatures 
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TABLE  A-6  (a.b) 

High  Pressures  - S = 0%,  (pure  water  only) 


This  table  is  based  on  the  data  of  Waxier,  Weir  &nd  Schamp  (1964).  The  analysis  of  this  body  of  data 
was  presented  in  Subsection  4.4,  and  the  resulting  table  which  we  have  adopted  is  given  as  Table  4-12 
in  'he  text.  includes  the  following  values  of  the  variables: 

Wavelength:  467.8.  480.0,  492.2,  501.6,  587.6,  643.8,  667.8  ron 

Pressure:  0,  250,  500.  750,  1100  kg/cm* 

Temperature:  1.56,  7.64,  24.80,  34.50,  54.34°C 

Tables  A-6(a,b)  represent  the  increment  of  index  with  pressure  and  are  sequentially  additive  to 
Tables  A-1  through  A-4  to  provide  the  pressure,  temperature,  and  wavelength  dependence  of  the  index  of 
refraction  (with  respect  to  air)  of  pure  water,  S = 0%,.  They  are  accurate  to  within  ± lOx  1(T5. 

Table  A-6(a):  holds  for  any  wavelength  (it  is  exact  only  for  540  nm)  providing 
an  additive  increment  for  various  values  of  pressure  and  tem- 
perature. 

Table  A-6(b):  holds  for  any  temperature  and  provides  additive  increments  for 
various  wavelengths  and  pressures,  thus  offering  a wavelength 
correction  to  Table  A-6(a). 

To  use  these  tables,  first  reerf  Tables  4-1,  .4-2,  .4-3,  or  A-4(s)  for  the  desired  tvsvcicngth  end  tem- 
perature (at  atmospheric  pressure)  for  S = 0 then  add  the  factor  given  in  Table  A-6(a)  and  then  add 

algebraically  that  given  in  Table  A-6(b). 

The  increments  in  pressure,  temperature,  and  wavelength  are  identical  to  those  in  Tables  A-5(a,b). 
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Tabla  A-«.  INDEX  OF  REFRACTION  OF  PURE  VHATER 

Index  increments  due  to  Pressure  — Salinity  ~ 0*/M 


Tables  (a)  and  (b)  are  not  independent.  They  are  both  additive  to  the  atn  aspheric 
pressure  index  values. 


(a)  Index  increase  with  pressure  and  temperature,  applicable  at  all  wavelengths. 

All  VivtiHctks 
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(b)  Index  increase  with  pressure  and  wavelength,  applicable  at  all  temperatures. 
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APPENDIX  B.  THE  INTERPOLATION  ROUTINE 


The  computer  routine  used  to  interpolate  the  original  data  tables  to  produce  the  tables  in  Appendix 
A W23  taken  from  the  published  literature.  A'  !<ne  (1972). 


It  ie  neither  a curve-fitting  routine  employing  an  analytical  approximation  ns.'  s least  squarus 
method,  but  is  insteed  a numerical  technique  utilizing  the  local  derivatives  obtained  from  the  input  data 
and  functions  only  on  monotonic  data.  Its  great  advantage  lies  in  its  ability  to  pass  a curve  thnwgRt  a 
given  set  of  data  points  and  interpolate  between  the  points  as  smoothly  as  would  be  possible. 


We  have  tested  this  routine  empirically  by  numerically  computing  several  points  from  analytic 
expressions  (polynomials)  and  asking  the  routine  to  interpolate  for  several  values  between  these  points. 
The  estimates  were  checked  against  the  polynomial  and  were  found  to  be  in  excellent  agreement.  The 
polynomials  used  for  testing  simulated  situations  actually  encountered  with  our  daia  tabies.  Thus,  we 
have  confidence  in  using  this  scheme  to  provide  interpolated  values  that  possess  the  same  accuracy 
as  the  original  data. 


This  interpolation  routine  also  greatly  assisted  us  in  determining  the  smoothness  of  the  original 
data,  since  it  actually  passes  a curve  through  the  data  points,  helping  to  detect  inflection  points  on 
the  plots. 


Of  course,  the  fact  that  our  data  were  mostly  well-behaved,  being  values  for  a physical  parameter 
measured  to  a high  accuracy,  greatly  helped  in  achieving  our  goals. 


When  extrapolation  was  performed,  we  found  that  in  some  instances  the  estimates  deviated  some- 
wts»t  from  the  corresponding  polynomial,  depending  on  the  type  of  curve  shape  used.  However,  this 
routine  was  net  used  for  extrapolations. 


An  iilnfttmtiuw  ovmw\Ia  nf  tKA  of  this  otifoorlcs!  procsdurs  prev 
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given  bolow.  in  the  upper  graph  the  continuous  curve  represents  the  polynomial  y=1+x  + xJ.  As  input, 
pairs  of  x.y  values  computed  from  the  equation  were  supplied,  whose  position  on  the  curve  lies  halfway 
between  the  circled  points,  on  the  'interpolation'  side  only.  The  subroutine  then  estimated  a series  of  y 
values  corresponding  to  given  x values  in  both  tf»  'Interpolation'  and  'Extrapolation'  regions.  These 
estimates  are  marked  by  the  circled  points  on  the  curve  in  the  upper  graph.  Tho  differences  between  these 
estimates  and  the  true  values  from  the  polynomial  are  plotted  in  the  lower  gnph.  These  differences  were 


Bag 


found  to  bo  of  the  order  of  two  units  in  the  seventh  significant  digit,  with  no  apparent  change  from  the 
'Interpolation'  to  the  'Extrapolation'  region.  All  the  numerical  work  was  performed  on  an  IBM  360/44 
computer  which  employs  seven  significant  digits.  Thus  in  the  index  of  refraction  tables  smell  discrep- 
ancies would  arise  in  the  sixth  decimal  place,  but  since  we  have  presented  the  tables  to  the  fifth  decimal 
place  only,  we  believe  that  no  real  numerical  problems  arise  in  interpolating. 


SUBROUTINE  INTRPL1 1U ,L , X, Y j N, U, V' 
INTERPOLATION  OF  A S InGLE- VALUED  FUNCTION 


THIS  SUBROUTINE  INTERPOLATES*  FROM  VALUES  OF  THE  FUNCTION  GIVEN 
AS  OROINATES  OF  INPUT  DATA  POINTS  IN  AN  X-Y  PLANE  AND  FOR  A GIVEN 
SET  OF  X VALUES  (ABSCISSAS)*  THE  VALUES  OF  A SINGLE-VALUED 
FUNCTION  Y * Y ( X ) * 

THE  INPUT  PARAMETERS  ARE 

IU  * LOGICAL  UNIT  NUMBER  OF  STANDARD  OUTPUT  UNIT 
L « NUMB ER  OF  INPUT  DATA  POINTS  (MUST  BE  2 UR  GREATER) 

X * ARRAY  OF  DIMENSION  L STORING  THE  X VALUES  (ABSCISSAS)  UE 
INPUT  OATA  POINTS  (IN  ASCENDING  ORDER) 

Y = ARRAY  OF  DIMENSION  L STORING  THE  Y VALUES  (ORDINATES)  UF 

INPUT  DATA  POINTS 

N = NUMBER  OF  POINTS  AT  WHICH  INTERPOLATION  UF  THE  Y VALUE 
(ORDINATE)  IS  DESIRED  dVJST  BE  1 UR  GREATER) 

U = ARRAY  UF  DIMENSION  N STORING  THE  X VALUES  (ABSCISSAS)  UF 
DESIRED  POINTS 

THE  OUTPUT  PARAMETER  IS 

V = ARRAY  OF  DIMENSION  n l.'HERF  THE  INTERPOLATED  Y VALUES 

(OROINATES)  ARE  Tu  BF  DISPLAYED 

DECLARATION  STATEMENTS 

DIMENSION  X(L)*Y(L)*U(N)*V(N) 

EQUIVALENCE  ( PO.X3) , <UO, Y3), (01, T3) 

REAL  Kit M2 . Ii3,u4  ,M5 

EQUIVALENCE  (UK,OX),(  Ii.N,X2*A1  ,h1  ),  ( 1mX,X5,A5,m5)  , 

1 ( J , SW  , SA  ) , ( Y2  2 *1".  A*  0«  ) , < Y 5,  w3  ,(M ) 


PRELIMINARY  PKUCESSIhG 

10  LO  = L 

Liil  = LO-1 
L M2  = Lrll-1 
LP1  * LO+1 
NO  = N 

IF ( LH2. LT .0 ) GU  TU  90 
IF(nO.LE.O)  GU  TO  91 
UO  il  1=2, LO 

1F(X(1-1)-X(I))  11,95,96 

11  CONTI  VUE 
IPV  = 0 

main  no-Luop 

00  80  K=  1 , NO 
UK  *>  U(K) 

ROUTINE  TO  LOCATE  THE  UESIKED  POINT 

20  I F ( LM2 .EO.O ) GO  TU  27 
IF ( UK.G  E . X ( LO ) )GU  TU  26 
IFIUK.LT.XI1 ) ) GO  TO  25 

im.':  = 2 

1 MX  * LO 

21  I = ( IMN+MX)/2 
IFIUK.GE.XI I ) )GU  TO  2J 

22  I MX  = I 
vO  TO  24 

23  IMN  * 1+1 

24  IF(  IHX.GT.IHN)  G(J  TU  21 
I = I MX 

GO  TO  30 

25  I * I 

GO  TO  30 

26  I « LPl 


:.■>••  ■ tttztx  *-  mmm  »,uiiiwwway«ww[ 

' k . ' ii,->.i  '&i'  *;C'<^i?2'.'  - " - : : ''^’S?Mf 

. . i^l . m2M.  ' ■ 


GO  TO 

30 

27 

I * 2 

CHECK 

IF  I * 

IPV 

30 

IF  ( I . 

EQ. IPV) 

GO  TO  70 

IPV  = 

I 

ROUTINES  TO  PICK  UP  NECESSARY  X AND  Y VALUES  AND  TO  ESTIMATE  THEM 
IF  NECESSARY 


8-4 


40  J * I 

IFIJ.E0.1)  J-2 
IF ( J ->£Q.LP1  > J=L0 


X3 

Y3 

X4 

Y4 

A3 

M3 


X(J-l) 

Y( J-l ) 

X(  J) 

YU) 

X4-X3 
(Y4-Y3J/A3 
IFILM2.E0.0)  GO  TO  43 
IFU.EQ.2)  GO  TO  41 
X2  * X I J— 2 ) 

Y2  * Y1J-2) 

A2  * X3-X2 
M2  * (Y3-Y21/A2 
IFU.EO.LO)  GO  TO  42 


41 


42 

43 
45 


X5  * X1J+1) 

Y5  = YIJ+1 ) 

A 4 = X5-X4 
M4  = (V5-Y4)/A4 
1 r (J.FQ.2 ) M2=M3+M3- 
GO  TO  45 

= M3+M3-M2 
TO  45 
= K3 
= M3 

LE.3)  GO  TU  46 
X2-XIJ-3) 


m4 


m4 
GO 
M2 
M4 
I F (J  < 
A1  = 


46 

47 


48 


Ml  = (Y2-Y(J-3))/Al 
GO  TO  47 
Ml  = M2+M2-M3 
IFU.GE.Lwl)  GO  TO  48 
A5  * XU+2J-X5 

= <YU+2)-Y5»/A5 
TO  50 

= M4+M4-C.3 


H5 

GO 

ri5 


50 


NUMERICAL  DIFFERENTIATION 
TU  52 


51 


IF(I.SO.LPl)  GU 
r.2  = ABS  (m4-M3  ) 

H3  = «BS( H2-N1 ) 

5H  = U2+H3 

IF(SH.NE.O.O)  GO  TO  51 
w 2 = 0.5 
K3  = 0.5 
1.0 

(K  2*M2-Mh  3*m3  ) /SH 
0.1)  GO  TO  54 


SH  = 
T3  = 

I F(  I i 


K 4 = 
S U = 


H2 ) 

GU  TU  53 


53 


ABS (m3 
K 3+H4 

IF(SH.NE.O.O) 

VI 3 = 0.5 
H4  = 0.5 
SH  = IcO 

T 4 = (HSbmS  •W4*m4) /Srt 
1 r ( I.NE.LP1)  GU  TU  60 
T 3 = T4 


-m 


\ M 


a 


a 


a 


■1 


SA  * A2+A3 

14  « 0.5*<M4-m5-A2*(A2-A3)*<H2-M3)/(SA*SA> > 
X3  « X4 
Y3  = Y4 
A3  = A2 
m3  “ M4 

GO  TO  60 
54  T4  = T3 
SA  = A3+A4 

T3  = 0.5*(hl+M2-A4*(A3-A4)«,(M3-H4)/(SA*SA)) 
X3  = X3-A4 
Y3  = Y3-H2*A4 
^3  x A4 
M3  = K2 

DETERMINATION  OF  THE  COEFFICIENTS 

60  02  = (2.0«(li3-T3I+rt3-T4)/A3 
03  = !-M3-M3+T3+T4)/!A3*A3) 

COMPUTATION  OF  THE  POLYNOMIAL 

70  OX  = UK-PO 

80  V(  K ) x OO+OX*  ( Ol+OX*  t 02+L)X*03 ) ) 

RETURN 

ERROR  EXIT 

90  WRITE ( 10,2090) 

GO  TU  99 

91  WRITE! IU, 2091) 

GO  TO  99 

95  VI RI T£ ( 10 , 2095) 

GO  TU  97 

96  WRITE! IU»2096) 

97  HR  I Tc ( I U« 2097 ) I ,Xl I ) 

99  WRITE  i IU.2099)  L0,r!0 

RETURN 

FORMAT  STATEMENTS 


2090  FURHAT  (1X/22H 

2091  FORMAT  ( 1X/22H 

2095  FORMAT  ! 1X/27H 

2096  FORMAT  ( 1X/33H 

2097  FORMAT  !6H  I 

2099  FORMAT  !6H  L 

1INTRPL) 

ENO 


H »»*  L = 1 OK  LESS./) 

H N=  0 UR  LESS./) 

H »■>»  IDENTICAL  X VALUES./) 

H X VALUES  OUT  UF  SEOUEnCE./) 

I = , 1 7 , 10X , 6HX  ( I)  = ,E  12 . 6 ) 

L = , I 7 , 10X ,3Hm  = , 1 7/ 36H  EKRUR  UETECTEU  IN  ROUTINE 


m 


